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APPENDIX A 
RATIONALE FOR BONDING AND GROUNDING CRITERIA 
A. 1 INTRODUCTION 
Certain criteria set forth in this volume require further amplification as to their 
rationale or why particular quantities were chosen. Accordingly, the rationale is 
provided in this Appendix for additional understanding of their intent. The paragrap] 
numbers in A. 2, Criteria Rationale, correspond to like paragraph numbers in KSC­
STD-E-0012, Standard for Bonding and Grounding, 29 December 1969. 
A. 2 CRITERIA RATIONALE 
A. 2. 1 'Paragraph 3. 1.1 Earth 
The justification of using earth as the reference zero potential level is the subject 
of many questions. Aside from the obvious justification for the use of the earth as 
a reference for protection against the hazards of electrical shock and lightning, 
there is the question of the justification of the use of earth as a noise sink or zero 
the radiated interference, such as noise generated by nearby lightning discharges, 
is generated as a potential above the earth (Figure A-i). The mechanism-for the 
introduction of this type of noise into a system mder consideration is the displace­
ment current, 8D/ t , introduced by Maxwell to explain electromagnetic radiatio 
The displacement current is, in actuality, a time variant electric field intensity 
and it is this E-field variation which induces a conduction current into a receiving 
system When a system is grounded, the conduction current has a return path back 
to the source and no noise potentials between parts of the system are developed. 
Inan ungrounded system, the components of the system may take on different 
potentials which are a function of their distances from the ground plane. These 
differences in potential can cause conduction (noise) curt)ents to flow between the 
parts of the system. Displacement currents flow between the components of the 
ungrounded system to the ground plane. The grounded system will have a direct 
return path for noise, and no noise-induced potential differences will be induced 
by the noise from an external source. 
Some clarifying discussion of the earth as a conducting medium is desirable at this 
point. A number of significant factors determine the conductiviw of the earth 
near the surface. Moisture is perhaps one of the more significant factors. The 
conductivity of soil which is completely devoid of moisture may-be as low as 10-7 
mhos/meter, while with the addition of a small percentage of moisture, it may 
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Figure A-1 Earth Ground Rationale 
increase by an order of magnitude. Figure A-2 illustrates this variation for dif­
ferent types of soils. Likewise, the quantity of ion-producing chemicals con­
tained in the soil has a profound impact on the conductivity. Figure A-3 shows the 
variation of conductivity with the addition of various percentages of common table 
salt. Temperature has a lesser effect on the conductivity. This is reflected in 
Figure A-4 which gives the relationship of resistivity vs temperature for a fixed 
percent moisture. As a function of depth, the conductivity of the typical earth 
increases down to the water table, then abruptly decreases below this region until 
a depth of about 30 kin, where geothermal heat becomes a significant factor (Fig­
ure A-5). At depths of about 35 km at the Mohorovicic discontinuity (the interface 
between the crust and the mantle), the conductivity begins to approach that of the 
conductive metals. 
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A prime consideration in the grounding of complex high data rate electronic sys­
tems is the behavior of the typical earth at high frequencies. The earth, in its 
role as a zero potential reference plane, is characterized as a leaky condenser. 
Measurements such as resistivity and ground point resistance are usually made 
at low frequencies (0 to 100 Hz) to avoid variations resulting from skin effect. 
There is, as yet, no proven method of measuring the high frequency character­
istics of the earth, and such characteristics are estimated from laboratory meas­
urements made on appropriate samples. Since the earth is characterized as a 
capacitor, the relative dielectric constant is the basic parameter affecting its high
frequency performance versus its low frequency behavior. Typical variations of 
this parameter versus conductivity and percent moisture are shown for various 
frequencies in Figures A-6 and A-7 respectively. 
The reaction of grounding systems to large current impulses is an important
characteristic in a lightning environment such as that existing at KSC. When a 
ground rod is subjected to a high-rise transient of high magnitude, the radial field 
produced around the ground rod may exceed the breakdown gradient of the soil. The 
breakdown gradient of the soil is typically between 106 volts per meter to 2 x 106 
volts per meter, depending upon the composition of the soil, the amount of moisture 
present, and the amount of ion sources (mineral salts). When the breakdown 
gradient is exceeded, the volume encompassed by the breakdown becomes highly
ionized. This results in an effective radius, Ri, which is defined by 
R1i = Ip/2LE0 
where 
I = crest discharge current, amperes 
p = soil resistivity in ohm-meters 
L = length of ground rod in meters 
E0 soil breakdown gradient. 
This is the radius used to determine the ground resistance of the rod under these 
conditions using the equation 
R 0e 2P-- og 4L 
where 
R = ground resistance of the rod. 
All other quantities as defined above 
For example, a 3/4-in x 8-foot ground rod in a soil with resistivity of 1000 ohm­
meters will have a normal dc resistance of 340 ohms. When subjected to an im­
pulse current of 20, 000 amperes and, if the soil breakdowm gradient is 1. 86 x 106 
volts/meter, the effective radius increases from 0. 02 meter to 0. 7 meter and the 
ground resistance effectively is reduced to 100 ohms for the duration of the impulse. 
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The above alludes to the effect of the resistive component and, when the high 
frequency impedance is considered, the reactive component will predominate. A 
typical counterpoise arrangement consisting of N rods with N horizontal buried 
cables leading to the rods will present a transient or surge impedance which may 
exceed, by an order of magnitdde at least, the dc ground resistance of the arrange­
ment. The surge or transient impedance of several typical combinations of counter­
poise arrangements is shown in Figure A-8. It can be seen from this figure that, 
as the surge current propagates down the length of the counterpoise system (at a 
velocity in the neighborhood of 333 ft/sec), the transient impedance approaches the 
K3 _
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Figure A-8 Transient Response of Typical Counterpoise 
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dc resistance of the ensemble. Another effect which has not been considered hereto: 
fore is the effect of heat generated by the transient current in the vicinity of the 
ground rod. The temperature rise which may be experienced in this case is 
0 0. 2 4 12p 
a D 
where 
0 = temperature rise, degrees kelvin 
I = current density at the electrode surface, amperes/meter 2 
p = resistivity, ohm-meters 
( = specific heat of the soil, cal/kg/0 K 
D = density of the soil, kg/m 3 
t time, seconds 
If this effect is sufficiently pronounced, the heat generated will tend to dry out the 
moisture in the vicinity of the rod with the result that the ground resistance of the 
rod will increase accordingly. 
A. 2. 2 Paragraph 3. 1.4, Instrumentation Ground Network 
Previoaslv, Lihe iiJm1runentatioii gruatd network has been defined as being cUn­
nected to a separate earth grounding counterpoise installed remotely from'the 
facility grounding network. This practice has been followed in the original instal­
lations in the VAB and LCC. Recently, these networks have been interconnected 
at one point (at the base of the towers in the VAB and in Room iR9 in the LCC).
These connections were, at the time of the on-site evaluation effort, viewed as 
compromises. Separate counterpoises are provided for each network at each of 
these facilities. In the LCC, the compromising interconnection was removed while 
observing the noise spectrum in the frequency domain in Firing Room 3. There was 
no change whatever in the.observed spectrum. In Tower A of the VAB, the 
instrumentation ground network was disconnected from its earth grounding counter­
poise and the impedance to earth of the counterpoise was measured at less than 
100 milliohms. There was, however, a voltage of 0. 5 volt do observed between 
the counterpoise and the earth near the VAB and, likewise, to the building steel. 
This foreign potential was attributed to the cathodic protection network. With the 
instrumentation grounding network and its counterpoise reconnected, a three­
phase rectifier Tipple of 15 millivolts peak-to-peak was observed between the 
compromise point and the ground riser entrance point for the instrumentation earth 
ground counterpoise. This represents the voltage drop of a sneak current across 
196 feet of No. 4/0 AWG cable (Figure 3-13 of Volume II of this report). The 
impedance of this length of cable at 180 cycles is roughly 10 milliohms, and 
therefore the sneak current is 15/10 or 1. 5 amperes, peak-to-peak. Without the 
"compromise, "1the noise voltage creating this current would be superimposed on 
every circuit it grounds. 
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The Manmed Space Operations (MSOB) Building has two selectable counterpoises 
(the selection being made on the basis of whether LEM testing is being-conducted or 
not) for all of its grounding systems (E, I, Static, Signal, and A). The majority of 
the systems outside KSC which were investigated (e. g., USAF Satellite Control 
Facilities) also use a single-point grounding system very successfully. 
It is recommended that in all cases a single-point ground using a single common 
earth ground counterpoise be utilized for all facilities. At VAB, there is such a 
high conductivity between the structural foundation members that the base of any 
structural column can be considered to be a very low (less than 100 milliohms) 
impedance to ground. Accordingly, any tower of the VAB may have its own single­
point ground without-providing any significant common-mode ground loops. 
A. 2. 3 Paragraph 3.4.3.1, Zone 1 
During a thunderstorm, electric field intensities near the surface of the earth often 
reach levels in excess of 100 volts per centimeter. Zone 1 is defined as an area 
in which an explosive atmosphere may be present and any arcing must be avoided. 
With a field intensity of 100 volts per centimeter, arcing can occur between two 
pieces of metal, one of which is grounded and the other has a dimension of 48 inches 
or more and where the separation between the two is 0. 15 inch. Sufficient energy 
can be stored betweern two 48-inch wires separated by this distance to ignite an 
optimum mixture of hydrogen (0. 02 millijoule). The relation between the longest 
dimension and the separation distance from other metal for an arcing condition with 
. field intensity of 10 volts per centimeter is shown in Figure A-9. For any point 
shown on this curve, more than enough energy is stored and released in the result­
ing arc to ignite a 6% air-hydrogen mixture (by volume). 
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A. 2. 4 Paragraph 3.4.3.2, Zone 2 
Zone 2 is defined as an area containing antennas associated with sensitive antenna! 
receiver combinations. There is always the possibility of the generation of 
higher-order products which lie within the passband of these receivers if two pieces 
of metal having a nonlinear junction between them are irradiated at the right fre­
quency or combination of frequencies. As stated in the report on Task C, Definition 
of Hazard Environment (Volume I, Section 4), a sizeable level of power density is 
required to achieve higher-order product reradiation of a level required to inter­
fere with the operation of these receivers - even assuming a perfectly unilateral 
diode junction. In addition, frequency discipline in the selection of operating fre­
quencies in the KSC-CKAFS area has precluded the generation of an interfering 
product. It is in the interest of preventing the generation of any product from an 
unforeseen frequency or combination of frequencies that the six-inch bonding 
dimension was established. Six inches is a quarter wavelength for a frequency of 
450 MHz (stated as being the upper limit for nonlinear junction problems). The 
most significant product which could be generated by a nonlinear junction at this 
frequency occurs at 1350 MHz. This is not near any currently assigned operating 
frequency used in the Saturn V/Apollo vehicle. The fifth harmonic which could 
be produced from the six-inch junction is 2250 MHz, which is within the passband 
of the USB receivers on the vehicle. However, the level of this signal would more 
than likely be below the receiver threshold. 
A. 2. 5 Paragraph 3.4.3.3, Zone 3 
Zone 3 is defined as an area where the ambient RF environment is suppressed. 
This suppression is achieved by ensuring the shielding effectiveness of the enclos­
ing stfructure. The shielding effectiveness, defined as 20 logl 0 (Eoutside/E inside), 
the ratio of the electric fields outside and inside the enclosure, can be optimized 
only if all metallic portions of the structure are bonded together to form a contin­
uous shell. The 24-inch minimum dimension seems to be an arbitrary dimension 
chosen on the basis that it is unlikely that any portion of the enclosure structure 
would have a longest dimension of less than 24 inches. 
A. 2. 6 Paragraph 3. 5. 2. 6, Bonding Straps and Jumpers 
The resonant frequency of a strap or junper may be calculated as follows: 
a. Calculate the capacitance to the ground plane of the device to be 
bonded.
 
. cA1)d 
where 
C capacitance in farads 
C = dielectric constant of air 
= 2. 7 x 10-12 farads/foot 
A = area of surface of device being bonded which is parallel to the 
ground plane in square feet 
d = distance from ground plane in feet 
A-10 
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b. Determine the frequency for which the jumpers will be resonant by 
V
 
fmin Amax 16(2)
 
where 
fmin frequency in Hertz
 
V = velocity of light =.9. 84 x 108 ft/sec
 
Amax 	 = wavelength in feet ­
= longest dimension of the structure to be bonded
 
Set fresonance at 2fmin. Using this frequency and the capacitance
 
determined in a, determine the inductance for resonance from (1)
 
fresbnance 21 in Hertz (3)
 
from which 
1
 
4r2f2 C
 
resonanee
 
L 	 =henries 
c. 	 Assume a number of jumpers, and a length for each jumper. The 
end-point separation, d, is known. From the empirical equation, 
L 0.0175 1 d0 . 264	 (4)-
W0 . 45 
where 
L = inductance in microhenries
 
W width in inches (total of all jumpers)
 
d = end point separation in inches (same as d in paragraph A. 2. 6a.)
 
1. = 	 jumper length in inches. 
2Determine the width 0 
W = . " 	 (5) 
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The 	width of each of n jumpers is, 
W (6)
n n 
Some of the ground rules and behavior of bonding straps and connections are 
expressed in Tables A-1 and A-2. 
A. 2. 7 Paragraph 3.5.3.4. 3a, Counterpoise-to-Earth Resistance 
The equations described by the nomograph and multiple ground rod charts are as 
follows: 
a. 	 Single Ground Rod Resistance 
R l og 4L 	 (7)2irL 
a 
where 
R 	 = earth ground resistance, ohms 
L 	 = rod length, cm 
P 	 = resistivity, ohm-cm 
b. 	 Multiple Ground Rod Resistance 
R 	 1 P logAF L -1+ -log O.657n1 (8) 
where 
n number of rods
 
s 
 spacing between rods, cm 
All other parameters defined in Paragraph A. 2. 6a. 
c. 	 Interconnecting Paths. Where interconnecting paths, covered in 
Paragraph 3. 5. 3.4. 3b, are required and bare copper cable is 
used, the ground resistance of the cable is in parallel with the 
resistance of the rod ensemble. This resistance can be calculated 
as follows: 
p 	 + - +Lh (9) 
= 
4 L g a* lo s 2Lh 16L2 512L 4 
A-1h
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TABLE A-1 
BONDING STRAP PERFORMANCE VERSUS PARAMETER VARIATION 
FOR INCREASE OF: Rdo RA, L C 
Increases as Increases as Increases as Increases as 
AL+L AL L AL+L AL+LLength, LLLLL L L fL L 
Decreases as Decreases as Decreases as Increases as 
1 	 1 AW+WWidth, V AW+W 2(V+&AV+T) 2(W+AW+T) W 
Decreases as Decreases as Decreases as 
Thickness, T T 	 1- 1
AT+T 2(W+T+AT) 2(W+T+AT) 
Decreases as Decreases as Decreases as 
Area (A = WT) 1A 12(W+A\V+T+AT)- 12(\V+AW+T+AT) See V, D 
Increases as 
Frequency ------ Note 
Spacing front Ground Decreases as 
Plane (D) 1 
10 nat~ed,~ae f.1~ 
wires (>3 it). 
NO 5 .reu.o 	 hi Iao~ d u ~tL'it") ( 3 1) turn2 j 0tog 
TABLE A-2 
ACCEPTABLE BONDING MATERIAL COMBINATIONS 
METALLIC STRUCTURE Al BONDING JUMPER TINNED Cu BONDING JUMPER 
iMg and Alloys 	 Direct connection or Mg washers Al or Mg washer with Cd, Zn, or 
with stainless steel screws Al screw 
Zn, Gd, ,AI, and Al Alloys 	 Direct connection with Cd, Zn, or Al washer with Cd, Zn, or Al 
Al screw screw 
Steel (except stainless) 	 Direct connection with Cd, Zn, or Direct connection with Cd, Zn, or 
Al screw Al screws 
Sn, Pb, and Sn/Pb Solders 	 Direct connection with Cd, Zn, or Direct connection with stainless 
Al screw steel screu 
Cu and Cu-Base Alloys Sn or Cd plated washers 	 Direct connection with stainless 
steel screw 
Ni and Ri-Base Alloys 	 Sn or Cd plated washers with Direct connection with stainless 
stainless steel screwv steel screw 
Stainless Steel 	 Sn or Cd plated washers with Direct connection with stainless 
stainless steel screw steel screw 
Ag, Au, and Precious Metals 	 Sn or'Cd plated Nashers with Direct connection with stainless 
stainless steel screw steel screw 
A-13 
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where
 
Rh 	 = ground resistance of horizontal interconnecting paths 
Lh 	 = ohe-half length of the path, cm 
A 	 = radius of cable, cm 
S 	 = twice the depth of burial, cm 
d. 	 The total resistance of the ensemble of rods and connecting path is: 
(10R MRh Rn 
Rt =MRh + Rn 
where 
Rt 	 = total resistance of ensemble 
M 	 = number of interconnecting paths 
Rh and R as above 
e. 	 If the connection from the counterpoise ensemble tb the ground 
network is bare cable, its resistance, Rc, must be ca]culated 
using Equation 9 and included in the ensemble as: 
MRIIRcR n 
t MRc + MRhRn + RcR( 
where 
Hl = 	 total resistance of ensemble with bare feeder 
R 	 = ground resistance of interconnecting cable 
A. 2.8 Paragraph 3.5.3.4. 3f, Wire Connections to Ground Rods 
The exothermic welding process is not cost effective unless a large number of 
physically similar connections are made so that mold cost can be justified and 
where experienced personnel are available to use the process. The cost of ther­
mite cartridges for these welds is quite high. The quality of the weld is no better 
than that achieved by brazing. Accordingly, brazing is recommended for most 
connections of a unique or one-time nature and exothermic welding is considered 
only for repetitive jobs. 
A. 2.9 Paragraph 3.5.3.6.9d 
In this criterion, the interior of the screen room is considered to be a separate
universe in which noise from noise generators outside the room have no effect, 
their effects being conducted along the outside walls to earth as the noise return 
path. Within the room, a similar mechanism prevails, but is unique to the interior 
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of the room. The effects, 3D/at and -DB/ar will induce currents and voltages
which are returned to their source via the inner walls of the room. The principal 
reason for the penetrating ground stud is to provide a safety ground. The perimeter
of this stud is entirely brazed or silver-soldered to preserve the shielding
integrity of the room. 
A. 2. 10 Reference Paragraph 3. 5.3. 10, Personnel Safety 
The three mechanisms for the production of hazardous potentials between the 
instrumentation ground network and the facility ground network are: 
a. Induction by transformer action from lightning current flowing 
through the structure 
b. Charge displacement between the structure and instrumentation 
grounding network 
c. Reflection occurring when the lightning surge reaches the junction 
between the facility grounding network and the earth grounding 
counterpoise. 
A. 2. 11 Reference Paragraph 3. 5.3. 10. 2. 1, Structural Steel as System 
Ground Point 
While the resistivity of steel is approximately ten times that of copper, the skin 
depth in steel is 410 or 3. 17 times deeper than that of copper at a given frequency.
This greater perimeter available in building steel affords a much greater conductor 
cross section for high frequency conduction. This is offset, to some degree, by
the rms surface roughness of the steel, which results in a longer path for high
frequency currenrts and the tendency of the current to concentrate at'the edges of 
the beam. Taking all of these factors into consideration, a 12-inch I-beam can­
have a high frequency impedance which is 0. 045 times that of a 500 MCM copper 
cable at a frequency above 2 MHz. Before using building steel at a specific location, 
the noise at that location in reference to the counterpoise connection should be 
examined in both the time and frequency domains to ascertain that there is no exces­
sive low frequency noise or standing wave from an external source which would 
tend to degrade the performance of the equipment to be grounded. 
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SECTION 1 
INTRODUCTION 
1.1 PURPOSE 
The purpose of this volume is to establish minimum standards for the bonding and 
grounding of facilities and equipment at the J. F. Kennedy Space Center (KSC),
NASA. The application of these standards in the construction of new facilities and 
equipment and in the modification of existing facilities will ensure the protection of 
personnel and facilities against hazard from shock, lightning, explosion, and EMI 
effects and will enhance the probability of mission success. 
1.2 SCOPE 
1. 2. 1 Application 
The standards will be applied to all new facilities and equipment installed at KSC. 
They will also be applied in the retrofit of existing facilities and to the evaluation of 
the hazard potential of existing facilities. 
1. 2. 2 Limitations 
To accomplish its objective, this report necessarily delves into electrical/electronic 
systems and equipment design practices. It is necessary to cover the entire spectrum
of design from the individual circuit level to the launch complex level in order that a 
consistent approach to grounding and bonding may be achieved. A compromise at any 
hierarchical level is still a compromise. 
1. 2.2.1 Electrical/Electronic Equipment. For individual units of electrical/
electronic equipment, either facility equipment or ground*su'pport equipment (GSE),
bonding and grounding requirements are specified for the unit and its environment 
and the requirements internal to the unit. The internal requirements are covered 
in general terms for use as guidelines to the equipment designer without constrain-' 
ing his specific approach. 
1. 2. 2. 2 Electrical Power Systems. Bonding and grounding practices for ac and 
dc power systems are specified to 6over: (a) aspects of safety to personnel and 
equipment, (b) factors in electromagnetic compatibility (EMC) control requirements,
and (c) general guidelines for functional operation as they might affect overall 
grounding and bonding system design. 
1. 2. 2.3 Lightning Protection. The bonding and grounding practices described 
herein do not in themselves describe a method of protection from the effects of 
lightning. Application of the requirements and methods specified will minimize the 
detrimental effects of lightning and will facilitate the design of lightning protection 
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systems. The determination of lightning protection requirements and the design of 
lightning protection systems are covered in KSC-STD-E-0013. 
1. 2. 2.4 Electromagnetic Compatibility Control Design. Unit level equipment EMC 
design guidelines are included to the extent required to ensure compatibility with 
system design. From an EMC standpoint, the grounding and bonding requirements 
are more for the purpose of minimizing the contribution of the facility environment 
to EMI and to facilitate the incorporation of EIMIC techniques in systems and equip­
ment design. General guidelines are included for shielding of equipment and equip­
ment enclosures and special bonding and grounding requirements are included to 
ensure effective shielding compatible with the facility. 
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SECTION 2 
APPLICABLE DOCUMENTS 
The following documents of the latest issue in effect form a part of this report to 
the extent specified herein. 
SPECIFICATIONS 
Military 
MIL-F-14072 
MIL-S-12204 
MIL-S-8660 
Kennedy Space Center, NASA 
LOC-39-002 
STANDARDS 
Military 
MS-25083 
MIL-STD-461 
MiL-STD-131OA(NAVY) 
MIL-STD-16400F 
MIL-B-5087(ASG) 
USAF - ANA
 
AN-735 
AN-742 
Kennedy Space Center, NASA 
KSC-STD-E-0002 
KSC-STD-E-0007 
KSC-STD-E-0011 
KSC-STD-E-0013 
Finishes for Ground Signal Equipment 
Solder, Aluminum 
Silicone Compound 
Complex 39, Launches - Umbilical 
Towers 1, 2, and 3, Technical 
Specifications for 
Jumper Assembly, Electric, Bonding 
and Current Return 
Electromagnetic Interference Character­
istics Requirements for Equipment 
Ground and Bond - Navy 
Material - Navy 
Lightning 
Clamp, Loop Type, Bonding 
Clamp, Plain, Support, Loop Type, 
Aircraft 
Hazardproofing of Electrically Energized 
Enclosures, Standard for 
Design for Installation of Electrical 
Power Cables, Standard for 
Receptacles, Electric Power, Standard 
for 
Lightning Protection, Standard for 
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DESIGN TECHNICAL INSTRUCTIONS. 
Kennedy Space Center, NASA 
DTI-E-9 Terminating and Grounding Shields in 
Low Frequency Instrumentation Cables 
MANUALS 
Air Force 
AFETRM 127-1 
AFM-127-100 
Range Safety Manual 
Ground Safety Explosives Safety Manual 
(Copies of the above documents required by contractors in connection with specific
procurement functions should be obtained from the procuring activity or as directed 
by the Contracting Officer.) 
OTHER PUBLICATIONS 
National Fire Protection Association 
NFPA 70 - National Electric Code 
NFPA 77 Static Electricity
NFPA 78 Lightning Protection 
Fire Protection Association, 60 Batterymarch Street, Boston, Massachusetts, 
02110.-) 
American Society for Testing and Materials 
ASTM B260 Brazing Filler Metal, Specification for 
ASTM B284 Resin Flax Cored Solder, Specification 
for 
(Applications for copies should be addressed to the American. Society for Testing
and Materials, 1916 Race Street, Philadelphia, 19103.) 
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SECTION 3 
BONDING AND GROUNDING CRITERIA 
3.1 INTRODUCTION AND DEFINITIONS 
This section includes the criteria fot determining the bonding and grounding criteriafor the various kinds of installations at KSC together with the methods of implement­
ing these criteria into practice in both new and existing facilities. In addition,
methods of testing and verification are included as required to determine if the intent
of the criteria has been met. In order to ensure a common denominator in the
 
ensuing discussions, the following definitions included.
are 
Earth. That portion of the earth's surface with which electrical contact is made
consistent with the impedance parameters listed in Paragraph 3. 5.3.4.2. 1. Earthis further defined as reference zero potential level. (Rationale: Paragraph 3.1. 1 
of Appendix A.) 
Earth Grounding Counterpoise. The ensemble of one or more driven ground rods
and their interconnecting cables installed for the purpose of establishing a low 
impedance nontact with the erth. When bare copper intcrconnc-"'--- Cables ar-1e 
used, their contribution to the earth contact must be considered. 
Facility Ground Network. The electrical conductive network which includes the
earth grounding counterpoise and all structures and grounding cables bonded
thereto, including the instrumentation network defined later. In steel frame 
structures, the structural members are bonded together and connected to the earthgrounding counterpoise to form the basic network. Extensions to this networkinclude cable networks bonded to the structure. 
-In buildings using nonconductive
structural methods and materials, such as masonry, and in outside facility areas,
such as HP gas, propellant, or oxidizer service facilities, the facility ground net­
work consists of conductors sized in accordance with criteria included herein,bonded to an earth grounding counterpoise and extending to areas containing equip­
ment to be grounded. 
Functionally, the facility ground network is defined to include all metallic structures
which are intercdnnected with the earth grounding counterpoise through bonded con­
nections and to which connections may be made to provide conducting paths to earth
of sufficiently low impedance and adequate current carrying capacity to meet theintent of this report. Other terms which are used at KSC to describe this network 
or connections to it are "Equipment Ground, " "E-Ground, " "Structural Ground,"
"Earth Ground," and "Static Ground. " 
Instrumentation Ground Network. A low impedance conductive network electricallyisolated from the facility ground network except for a single interconnection. Itsfunction is to serve as a separate low impedance path to earth reference zero poten­tial for equipment susceptible to EMI, particularly in the frequency range below 
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2 MHz. This network is maintained in a radial or star configuration having no 
loops. (Rationale: Paragraph 3. 1.4 of Appendix A. ) 
Cathodic Protection Network. A network which includes the portion of the structure 
which lies below the earth's surface, a number of sacrificial metal anodes, and a 
source of dc voltage connected between the structure members and the anodes. In 
practice, the anodes are made positive and the structure negative. The purpose of 
this network is to provide protection of the structure from corrosion resulting from 
galvanic action with electrolytes in the earth surrounding the structure. 
Zero Signal Reference Plane. A conducting plane associated with either the instru­
mentation or facility ground network which is designed to maintain a number of 
electrical/electronic units having a common signal reference at the zero reference 
potential. An instrumentation or facility ground network may constitute a single 
zero signal reference plane or may have a number of such planes connected to it in 
a radial or tree fashion. Examples of the latter are the !-plates and E-plates 
installed in the various locations. 
Ground. If not otherwise qualified, ground means any electrical connection to 
earth, either directly to an earth grounding counterpoise or through some inter­
mediary grounding system such as the facility ground network or instrumentation 
ground network. 
Grounding. Grounding is the act of effecting optimum electrical continuity between 
conducting objects and earth. 
Equipment Ground. A connection between a unit of equipment and the facility 
ground network. This connection is usually made at a copper plate (referred to as 
an E-plate) welded to the structure. 
Signal Ground. A connection between the return of a signal circuit and its zero signal
reference plane. This ground is usually implemented through a distribution network 
to its points of connection using copper tubing rather than cable. In this instance 
the zero signal reference plane is established at the riser from the earth grounding 
counterpoise. 
Instrmentation Ground. A connection from an instrumentation unit to an instru­
mentation ground network. This connection is usually made at a copper plate 
(referred to as an I-plate) which is insulated from the structure. 
Static Ground. A functional term describing a connection between conductive 
objects and a facility ground network for providing a drain for static electri6ity. 
This ground is usually implemented through a distribution network to its points
of connection using copper tubing rather than cable. Connection to the facility
ground network is made at the riser: from the earth grounding counterpoise. 
Power Ground. A connection between the neutral of a power distribution system 
and the facility ground network. This connection is made at the neutral point of the 
distribution transformers and nowhere else. A power ground connection is 
required for each set of distribution transformers. 
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Lightning Ground. A connection between the down conductors of a lightning protec­
tion system and a lightning ground system. 
Lightning Ground Network. The electrical conductive network including, ideally, a 
counterpoise specifically for dissipating lightning energy or static discharge into 
the earth. On many existing structures this network and the facility ground network 
may be the same. 
Bonding. Bonding is the provision of a low impedance path between two metallic 
surfaces, one of which may be a large structural member. The purpose of bond­
ing is to provide protection to personnel and equipment and to provide a low 
impedance path for RF current. 
Electrical Supporting Structures. Electrical supporting structures are normally 
nonelectrified conductive items which carry, or are adjacent to, energized electrical 
conductors so that a reasonable possibility exists of accidental contact between these 
items and the energized conductors which would create a fault or hazard condition. 
Examples of electrical supporting structures are: 
o 	 Conduit and fittings 
o 	 Cable trays-and ducts 
o 	 Electrical/electronic equipment frames and enclosures 
o 	 Electrical wiring cabinets 
o 	 Metallic cable sheaths 
3.2 OBJECTIVES OF BONDING AND GROUNDING 
3. 2. 1 Purpose of Bonding and Grounding 
Bonding and grounding of conductive materials are required for one or more of the 
following purposes: 
a. : 	To provide a low impedance path to earth for electrical currents 
resulting from lightning discharges or electrical power system 
faults to prevent the buildup of abnormal voltages which could 
result in injury to personnel or damage to equipment. 
b. 	 To provide a discharge path from metallic objects to earth to 
prevent a' static potential build-up which could result in arcing or 
shock hazard. 
c. 	 To eliminate the effects of electrically nonlinear junctions between 
conducting surfaces to prevent the generation of RF noise by a non­
linear mixing process and harmonic generation when the junctions 
are illuminated by an RF fundamental. 
d. 	 To incorporate structural metals into an electrically continuous 
surface for enhancing its shielding effectiveness in attenuating 
RFenergy. 
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e. To provide an equipotential conducting surface which may serve as a 
Zero Signal Reference Plane for electrical/electronic systems or 
subsystems. 
f. To ensure that safety and noise drain features are included in power
distribution systems. 
3. 2. 2 Bonding and Grounding Design Rationale 
A number of parameters have been adopted in the design and implementation of 
grounding and bonding for the purposes listed above. The reason behind some of 
these will not be immediately obvious and, accordingly, some rationale is 
required for them in order that the designer may more effectively use them. This 
rationale is given in the following subparagraphs. Additional, more specific
rationale by paragraph is included in Appendix A to this Volume. 
3. 2. 2. 1 Lightning Protection. Effective protection of structures, personnel, and 
equipment from harmful effects of lightning requires that any part of a structure 
or air terminal arrays sheltering a structure, which may sustain lightning strikes, 
be electrically connected to earth through a low impedance path. On nonmetallic 
structures, air terminals are provided to -intercept any lightning strokes to the 
structure, and these air terminals must be solidly connected to an earth grounding
counterpoise through down conductors in order to dissipate lightning discharge 
currents. Massive metal structures capable of sustaining direct lightning strokes 
the structure itself serves as the path to the earth grounding counterpoise for light­
ning discharge currents. Since such currents may reach several hundred thousand 
amperes, the electrical impedance of the structure must be extremely low to pre­
vent dangerous differences in electrical potential from developing between different 
parts of the structure. A low impedance path through the structure is attained by
bonding all structural members together, and bonding the structure to an earth 
grounding counterpoise. This practice also serves to minimize increases in volt­
age in any parts of the structure due to electrostatic or magnetic induction effects 
from discharge currents in the structure. A decision as to whether a structure is 
exposed to lightning and thereby requires bonding and grounding must be made by
considering the requirements and providions of KSC-STD-E-0013, Standard for 
Lightning Protection. Designers specifying detailed bonding and grounding require­
ments for lightning protection should carefully study the lightning effects phenomena
described in KSC-STD-E-0013 to be sure that the bonding and grounding specifica­
tion considers all possible detrimental effects of lightning. 
3.2.2.2 Power System Grounding and Fault Protection. The ac power system
design practices at KSC require that the neutral conductor of all electrical distribu­
tion systems be grounded at one point. The manner in which grounds are made will 
have an effect on the electromagnetic environment of the facility if, for instance, 
the grounding configuration is such that load currents flow through the facility
ground network. In addition, personnel and equipment safety may be affected if the 
grounding arrangement is such that significant potential differences can develop
between the power ground and electrical supporting structures during a fault condi­
tion. Such problems may be avoided if power systems meet the following criteria: 
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a. 	 Load currents may not flow inany part of the ground network except
during fault conditions. This requires single-point grounding of the 
neutral connection of any power source, center or distribution system. 
b. 	The impedance of any fault current return path and the power ground 
is low enough to limit the potential rise in the faulted structure to a 
safe level until the circuit protection device can operate. 
The power system and electrical supporting structure bonding requirements stipu­
lated in Paragraphs 3. 4 and 3. 5 are designed to accomplish these objectives. 
3. 2. 2. 3 Static Grounding. The generation, accumulation, and effects of static 
electricity are rather complex processes and NFPA No. 77, Static Electricity, 
should be consulted for a detailed treatment of the subject. Basically, the process, 
insofar as this report is concerned, consists of electric charge displacement 
between ungrounded metal objects and their environment (including earth) so that 
a difference of electrical potential is developed due to the accumulation of electric 
charge on the ungrounded objects. This build-up in potential difference produces the 
possibility of arcing, which may constitute a safety hazard if the charged objects 
are located in an environment containing highly flammable explosive materials. 
The ability of an arc from a charged object to produce ignition of a flammable 
material is dependent upon its thermal energy in relation to the ignition temperature 
of the material. The energy in an are from a charged object is a direct function of 
the total charge on the object. NFPA No. 77 shows that for any given conditions of 
charge transfer, the total charge accumulated on any ungrounded conductive object 
is proportional to its size. Therefore, under any given conditions of charge trans­
fer (such as pneumatic or hydraulic friction) and flammable environment, the 
chances of producing ignition by an arc from statically charged objects are 
increased in proportion to the size of any ungrounded conductive objects exposed to 
the flaammable environment. These facts provide a logical basis for selective 
grounding, by size, of metal objects in hazardous locations for the purpose of elim­
inating static charge build-up. It must be assumed that some of many processes 
which produce electric charge displacement are present in practically all areas. 
Therefore, bonding and grounding practices for minimizing static electricity must 
be followed in all areas' of KSC where highly flammable or explosive materials may 
be located. The dimensional limitations specified in Paragraph 3. 4 are based on 
the relationships between minimum ignition energies of hydrocarbon gaseous mix­
tures and ungrounded structure sizes given in Section 230 of NFPA No. 77, and are. 
considered adequate to eliminate any hazards from static arcing. 
3. 2. 2.4 Non-linear Junction RFI Suppression. Uncoated junctions between metal 
surfaces rapidly develop oxide films over the mating surfaces, particularly in 
exterior locations. Such junctions have the characteristics of electrical diodes; 
that is, the conductivity across the junction is nonlinear and is partially unidirec­
tional. This condition can, under certain conditions, produce radiated RFI in 
either or both of the following ways: 
a. 	 When illuminated by two or more RF fields, the junction acts as a 
diode mixer, heterodyning the induced currents across the junction 
to produce beat (sum and difference) frequency currents. These 
currents produce electromagnetic fields that are radiated along with 
the 	reradiated incident fields. 
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b. 	 The nonlinear nature of thie junction distorts any currents through it, 
producing harmonic currents with resultant radiated fields at harmonic 
frequencies. 
Spurious RF fields generated in this manner at KSC will have a very 16w field 
strength, but may constitute a source of RF to sensitive electronic equipment, such 
as receiving antennas, in the immediate vicinity of the source junction, This pos­
sibility exists at the launch complexes, where space vehicles with sensitive antennas 
are near steel service towers which may contain many nonlinear junctions. Where 
the field strength of a desired signal to a receiving antenna is very small compared 
to other ambient RF fields, spurious fields generated by nonlinear junctions located 
within the receiving pattern of the antenna may be of sufficient strength to interfere 
with the desired signal. The possibility of such interference can be eliminated by 
providing low impedance bonds across all metallic junctions within the field pat­
terns of receiving antennas. These bonds, properly made, provide a linear shunt 
around the nonlinear junctions and suppress the noise-generating mechanisms. For 
significant noise generation by nonlinear junctions to occur, the dimensions of the 
metal objects comprising the junctions must be an appreciable fraction (one-tenth 
or greater) of the wavelength of the frequency of the RF fields incident on the junc­
tions. Also, the reradiation efficiency of these junctions decreases with increasing 
frequency, and is negligible above the middle UHF range. These factors form the 
basis for the specifications in Paragraph 3. 4 as to sizes of metal objects to be 
bonded for the purpose of preventing RFI generation from nonlinear junctions. 
, 2. 2z 5 ,qtructural -,ielding. Enclosed metal nnd reinforced concrete structures 
will provide effective electromagnetic shielding between interior and exterior if all 
peripheral metal is bonded together and grounded. This practice should be followed 
in all structures which may contain equipment susceptible to EML Isolation of 
interior areas from the external electromagnetic environment may significantly 
reduce the EMI suppression measures required for the systems and equipment. 
Particular attention should be given to this consideration when establishing bonding 
and grounding requirements for new facilities, since bonding and grounding of 
peripheral metals may not be required for any other reason. 
3. 2. 2. 6 Instrumentation Grounding. The physical configuration of special ground­
ing systems for sensitive electrical/electronic systems and equipment depends on 
the physical and electrical characteristics of the system or equipment to be 
grounded. However, the overall design objectives of all grounding systems are 
common. They are: 
a. 	 To provide-a ground connection to earth in a manner that will not 
introduce E1I into the system or equipment. 
b. 	 To provide a zero signal reference plane for the system or
 
equipment.
 
The design criteria given below should be followed to accomplish the objectives
 
stated above:
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(1) 	 Conductive loops in a ground network are, for all practical purposes, 
unavoidable. They are created, for example, through the shields of 
cables interconnecting two remotely rocated parts of a system. 
Conductive loops should be minimized insofar as possible to avoid 
induced circulating currents from ambient H-fields. 
(2) 	 Where it is impossible to eliminate loops, the impedance of that 
portion of them which is common t6 other circuits shall be 5 milli­
ohms or less to reduce the magnitude of any common-mode voltages. 
(3) 	 The impedance of the ground network at the highest signal frequency 
in the using system should be extremely small. Even though the signal 
circuits in the system may be single-point grounded to the ground plane, 
there will usually be signal currents flowing in the ground plane due to 
capacitive coupling between signal circuits and ground plane. Any volt­
age drop in the ground plane will appear as a noise signal in the system. 
This effect will be minimized by minimizing the impedance of the ground­
ing network. 
3.3 AREA CLASSIFICATION 
3. 3. 	 1 Requirements Classification by Zones 
Requirements for bonding and grounding of facilities and equipment vary depending 
of this report, areas having differing bonding and grounding requirements are 
classified by zones to facilitate identification and specification of requirements. 
These zones are functionally defined in Paragraph 3. 3. 2. Where practical, exist­
ing facilities and-geographical locations are identified as to zone classification. 
However, in any specific case, the organization having bonding and grounding 
design responsibility shall verify the zone classification of the area in question by 
application of the definitions given in Paragraph 3. 3. 2. 
3. 3. 2 Zone Definitions 
a. 	 Zone 1. Hazardous area as defined in KSC-STD-E-0002 in which 
explosive or flmnmable materials are present. Grounding and bonding 
practices shall be adequate to preclude arcing resulting from any of 
the following: 
(1) 	 Static charge accumulation on metallic objects 
(2) 	 Direct or induced lightning charge or discharge 
(3) 	 Build-up of potential resulting from electrical faults. 
b. 	 Zone 2. An area in which there is no suppression of, the ambient 
RF environment, which contains highly sensitive antenna/receiver 
combinations whose performance wvould be degraded by secondary 
R? radiation from nonlinear junctions between conducting surfaces. 
Some of the significant considerations in this zone are: 
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(1) 	 The ambient RF radiation environment is normally high relative 
to the reception sensitivity of the RFI-susceptible equipment, 
but none of this may lie within the passband of this equipment. 
(2) 	 The RFI-susceptible equipment has an inherently high reception 
efficiency. 
(3) 	 A typical nonlinear junction is relatively inefficient in the gener­
ation of higher-order products. 
(4) 	 A good frequency control plan will preclude the generation of 
higher-order products within the passband of any of the receiving 
equipment. 
This zone classification includes, but is not limited to, areas near 
receiving antennas. Specifically, the volume enclosed by a 60-degree 
cone of revolution centered about the center line of the antenna's main 
lobe with the apex at the antenna and extending out 30 feet from the 
antenna shall be classified as Zone 2 (Figure 3-1). 
- -'~n Of- MAW~ LOISFC. 
Figure 3-1 Definition of Zone 2 
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c. 	 Zone 3. An area within which the RF ambient environment is 
suppressed, usually by the shielding effectiveness of the structure 
containing the area. Some significant considerations in this zone 
are: 
(1) 	 The RFI environment from sources external to the area are 
suppressed by the shielding effectiveness of the surrounding 
structure.
 
(2) 	 Sources of RFI within the environment are suppressed or
 
contained.
 
(3) 	 The EMI-susceptible equipment is relatively insensitive com­
pared to the receivers in Zone 1 and is nominally shielded against 
RF radiation. 
In physical terms, this classification includes interior areas contain­
ing sensitive electronic equipment, where the enclosing structure 
provides effective shielding from RF radiation from external sources, 
and in which potential sources of high level radiated interference are 
nominally suppressed. Enclosed metal structures and reinforced con­
crete buildings with all peripheral reinforcing steel bonded and grounded 
provide effective shielding against external RF radiation. The following 
examples of facilities whose interior areas are classified Zone 3 are 
intended to illustrate, but do not necessarily include, all existing 
Zone 3 areas: 
o 	 Launch Complex 39 
Pad Terminal Connection Rooms (PTCR)
 
Mobile Launcher (ML) and Mobile Service Structure (MSS)
 
Base Rooms
 
Launch Control Center (LCC)
 
Vehicle Assembly Building (VAB)
 
o 	 KSC Industrial Area 
Central Instrumentation Facility (CIF)
 
Manned Spacecraft Operations Building (MSOB)
 
(excluding administrative and technical areas)
 
a 	 Launch Complexes 34 and 37 
Automatic Ground Control Station (AGCS)
 
Service Structure Base Rooms
 
Launch Control Center (LCC)
 
d. 	 Zone 4. Areas not normally containing hazardous materials or 
EMVI-susceptible equipment. This classification includes all areas 
not classified as Zones 1, 2, or 3. Bonding and grounding for protec­
tion from lightning hazards and electrical power system faults are 
required. 
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3.4 BONDING AND GROUNDING REQUIREMENTS 
3.4.1 General 
Facilities and equipment shall be bonded and grounded as specified herein. Bonding
and grounding requirements, as a minimum, shall be those specified by NFPA 
No. 70, National Electrical Code. Bonding and grounding methods for implementing
the requirements specified herein shall be in accordance with Paragraph 3. 5. 
3.4. 2 Requirements Applicable to All Zones 
The following bonding and grounding requirements apply .to all areas of KSC,
regardless of zone classification. Additional requirements peculiar to zones are 
specified in Paragraph 3. 4. 3. 
3.4. 2. 1 Electrical Power Systems. The power distribution systems shall be 
grounded at one point only as specified in Paragraph 3. 5. 3.5. 
3.4. 2. 2 Electrical Supporting Structures. All electrical supporting structures 
shall be bonded to a portion of the grounding network as defined in Paragraph 3.5. 
Any type of electrical supporting structure not specifically covered in Paragraph
3. 5 shall be bonded and grounded in accordance with the following general require­
ments: 
a. Each component part of an electrical supporting structure shall be 
grounded or shall be bonded to another component part which is 
grounded. 
b. Electrical supporting structures or bonded groups of supporting 
structures, which exceed 50 feet in any dimension, shall be grounded 
to earth or bonded to the facility ground network at intervals not to 
exceed 50 feet. 
c. Care must be exercised in bonding and grounding electrical supporting 
structures to ensure that no one grounding network is- inadvertently 
connected to another except at the single common point where connection 
is made to the earth grounding counterpoise. 
3. 4. 2.3 Structural Metals. All structural members of steel frame buildings and 
other metal structures, which utilize the steel framework as the main conductor for 
lightning protection, shall be bondedtogether and grounded in accordance with 
Paragraph 3.5. 
3. 4. 2. 4 Other Structures. Any metal structure which requires lightning protec­
tion shall be grounded in accordance with Paragraph 3. 5. The down conductors of 
lightning protection systems shall be grounded as specified in Paragraph 3. 5. 3. 4. 3. 
3. 4. 2. 5 Static Gromding. Requirements for grounding of ordnance-associated 
equipment such as handling fixtures shall be in accordance with AFETRM 127-1 and 
AFM 127-100. 
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3. 4. 3 Bonding and Grounding Requirements by Zone Classification 
Bonding and grounding requirements for each of the zones defined in Paragraph 
3. 3 are specified in Paragraphs 3. 4. 3. 1 through 3. 4.3. 4. These requirements are 
in addition to those specified in Paragraph 3.4. 2 above. It must be recognized that 
some locations, such as certain areas of the Mobile Launchers, will have more 
than one zone classification. In such cases, the bonding and grounding requirements 
for all applicable zones shall apply except that the minimum bonding dimension of all 
the applicable zones shall apply.­
3.4.3. 1 Zone 1. In areas classified as Zone 1, all exposed metal objects exceed­
ing 48 inches in any dimension shall be bonded to ground. Unexposed metal objects, 
such as reinforcing steel completely encased in concrete, objects completely buried 
in earth, or objects completely encased in hazardproofed enclosures, do not 
require bonding or grounding as a Zone 1 requirement. (Rationale: Paragraph 
3.4.3.1 of Appendix A.) 
3.4.3. 2 Zone 2. Within areas classified as Zone 2 (Figure 3-1), all metal objects 
exceeding six inches in any dimension and which are in physical contact with other 
metal objects exceeding six inches in any dimension shall have a bond installed 
across the contact junction. If the junction length exceeds, six inches in any dimen­
sion, bonds shall be installed across the junction at six-inch intervals. (.Rationale: 
Paragraph 3.4. 3. 2 of Appendix A.) 
. 4. Rz q. one 3. In Zone areas; bonding and grounding shall be performed as 
specified in Paragraphs 3.4.3.3.1 through 3.4.3.3.4 below. (Rationale: Para­
graph 3.4.3.3 of Appendix A.) 
3.4.3.3.1 Structural Metals. For structures in Zone 3, all reinforcing steel bars 
(reinforced concrete construction) and all enclosing metal coverings which make 
up the walls, roofs, floors, and interior partitions shall be grounded or bonded to a 
grounded object. Metallic objects less than 24 inches in their largest dimension 
are exempted from this requirement. 
3.4.3. 3; 2 Raised Floors. The metallic members of raised floor assemblies shall 
be bonded together and grounded to the facility ground network. 
3.4. 3. 3.3 Instrumentation Grounding. Instrumentation ground networks shall be 
provided as required by the systems, equipment, and the operating frequencies of 
the equipment occupying the area as defined in Paragraph 3. 5. 3. 10. 
3.4. 3.3.4 Special Structures. Bonding and grounding required to incorporate any 
special shielding enclosures, or other special equipment, shall be performed by the 
designers of such hardware. Paragraph 3. 5. 3. 6. 9 shall be used as a guide for the 
design of grounding and bonding of this hardware. The methods employed in imple­
menting these requirements shall not conflict with any of the provisions of this 
document. 
3.4.3.4 	 Zone 4. Bonding and grounding shall be performed in accordance with 
the minimum requirements of the National Electrical Code. In the event of conflict 
between the requirements specified in Paragraph 3. 4. 2 and those of the National 
Electrical Code, the requirements specified in Paragraph 3. 4. 2 shall govern. 
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3.4.4 Exceptions for Existing Facilities 
Bonding and grounding requirements for existing facilities shall be as specified in 
Paragraph 3. 6. 
3.5 BONDING AND GROUNDING METHODS 
3.5.1 General 
The following paragraphs specify the methods and materials to be used in bonding 
and grounding generally, and prescribe specific techniques for bonding and ground­
ing various types of systems, equipment, and structures. The applicable methods 
and materials specified herein shall be utilized in implementing the bonding and 
grounding requirements specified in Paragraph 3.4 and apply only as required to 
meet the specific zone requirements specified in Paragraph 3.4. 
3.5.2 Bonding 
Bonding methods and materials shall be as specified in Paragraphs 3. 5. 2. 1 
through 3.5.2.23. 
3. 5. 2. 1 Types of Bonds. Bonding of metal surfaces shall be accomplished by: 
(a.) soldering, (b.) brazing, (c.) welding, (d.) clamping, (e.) sweating, (f.) high­
strength structural bolting, or a combination thereof. 
3.5.2. 1.1 Soldering. Aluminum solder shall conform to MIL-S-12204. Silver 
soldering may be used but tin-lead soldering is not acceptable except for sweating. 
3. 5. 2. 1. 2 Brazing. Brazing flux shall conform to ASTM B260. 
3.5.2.1.3 Welding. Exothermic welding shall be performed by methods approved 
by the design agency. Normally, because of economic considerations, this method 
should only be used where many identical connections are to be made. 
3.5. 2.1.4 -Clatmping. In external locations, clamping shall be-used for bonding or 
grouiding only on a temporarily located item such as a barrel or high pressure gas 
tank where a quick-disconnect type of connection is required. The connecting de­
vice may utilize either spring-loaded jams, threaded fasteners, or machine bolts 
with tooth or spring-type lock washers and shall be so constructed that a positive 
pressure is maintained at all times. The surface to which it is attached shall be 
cleaned with 200-grit carborundum paper to remove all paint or oxide. After 
attachment of the connecting device, a silicon grease shall be applied to the con­
nection to preclude oxidation. 
3. 5. 2.1.5 Sweating: Solder used for sweat soldering shall conform to ASTM­
B-284. This method of forming a bonding or grounding connection is the least 
desirable and shall not be used where mechanical strength is a factor in the con­
nection. 
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3.5.2. 1. 6 High-Strength Structural Bolting. Joints made with high-strength 
structural bolts and clean unpainted faying surfaces shall be considered as suf­
ficiently bonded to meet the electrical requirments of this document, provided the 
minimum torquing requirements listed in Table 3-1 are met. This table Includes 
several bolt sizes smallhr than those normally used in structural steel construction. 
These torques are included for reference in the bolting of seams in shields and for 
bolted bonding and grounding connections. 
TABLE 3-1 
MINIMUM TORQUING REQUIREMENTS 
Min Torque Tension 
Bolt Size Threads/Inch (in-lbs) (lbs) 
#8 	 32 18 625 
36 	 20 685 
#10 	 24 23 705 
32 32 940 
1/4" 	 20 80 1840 
28 100 2200 
5/161 	 18 140 2540 
20 	 150 2620
 
3/8" 	 16 250 3740 
24 275 3850 
7/16" 	 14 400 5110 
20 425 5120 
1/2" 	 13 550 6110 
20 575 6140 
5/8" 	 11 920 7350 
3/4U 	 10 1400 9300 
7/8" 9 1950 11, 100 
1" 8 2580 12, 900 
The term clean as used herein shall mean that laying surfaces have been sand­
blasted or ground to bare metal. - Where it is impossible or impractical to achieve 
a clean faying surface, a No. 2/0 AWG bare stranded copper wire shall be brazed 
or exothermally welded at each end to the surfaces to be bonded, thus spanning the 
joint. A second method which may be used is theprovision of a bonding fillet weld 
-between the two surfaces. This fillet shall be at least 1/4 inch and shall span at 
least 2 inches of the joint. 
3. 5. 2. 2 Bond Resistance Requirements: The dc resistance measured across the 
mating surfaces which are bonded together shall not be greater than 0. 5 milliohm. 
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These measurements shall be made across the bond with a double Kelvin bridge.The meter probe positions shall be within 1/4 inch of the bond interfaces whenever 
practical and on the cleaned area. When cleaned areas are inaccessible after 
assembly, the measurements shall be made at the nearest accessible point. 
3. 5. 2.3 Cleaning of Mating Surfaces. All mating surfaces which comprise the bond
shall be thoroughly cleaned before joining to remove oxides and other resistive films
from the mating surfaces. All films such as grease, oil, corrosion products, rust,
zinc chromate, paint, and lacquer and finishes such as anodize, alodine, corrosionpreventive compounds, and moisture shall be removed before bonding. Paint and
other organic finishes shall be removed from the metal base with an orbital sander 
or equivalent using 400-grit abrasive paper. Removal of inorganic finishes shall 
-be accomplished by using abrasive paper or cloth-backed abrasive 320 grit or a
rubber abrasive bonding brush. Gentle and uniform pressure shall be used to ensure 
a smooth, uniform surface free from "contact points. " No more metal than neces­
sary to ensure a clean surface shall be removed from the surface. Bare metal shall 
then be cleaned with trichlorethylene. Grease, oil, dirt, corrosion preventative,
and other containment shall be removed in this same manner. 
CAUTION: Trichlorethylene and related solvents are a cumulative 
poison which may be absorbed by the lungs or through
the skin. Accordingly, all precautions shall be taken 
to prevent contact of the solvent with the skin and to 
avoid breathing the vapors. 
Clad metals shall be cleaned with fine steel wool or grit in such a manner that the
cladding material is not penetrated by the cleaning process. A bright, shiny,
smooth surface is required. The bare metal shall be wiped clean using a clothdampened with denatured alcohol. This cleaned area shall then be allowed to air 
dry before connection of bond. 
When it becomes necessary to remove a protective coating from metallic surfaces 
to install a bonding device, the bond shall be attached within 30 minutes after clean­ing. The surface shall be refinished within two hours to prevent oxidation. If
 
additional time is required before the bonding operation can be completed, 
 a cor­
rosion preventative shall be applied until the area can be refinished. 
3.5.2.4 Dissimilar Metals. All mating surfaces which comprise a bond shall be
identical where possible. 
 When a bond of metals is necessary the dissimilar metal­lic joint shall not form a couple with a value greater than 1 as taken from Figure3-2. When base metals intended for intermetallic contact form couples that are not
allowed, the metals shall be plated as specified in MIL-F-14072 to reduce the 
potential difference to an allowable figure. Figure 3-3 gives the potential difference 
between various metals in the galvanic series. 
3. 5. 2. 5 Clamps. Clamps shall conform to AN 735 or AN 742. 
3-14
 
Anode-Corroded End (Less Noble) Cathode-Protectcd End (Noble) 
,. E,, I,, . . 
um Hgn0 0 1 2 3 3 3 4 5t 70 10 1 11 11 11 11 12 1 11 1 12 1I inesium Alloy~ 0 2,.O a I _ I , 'g_ gAlly tO 'a I - -6-o3 3 3 4 1 5tL
n2 2 2 1 6 1 4 '1 5 5 7 Y' U11 ?la m 2 2 31 1 3 4 1 3 5 6 7 8 1 2 
zT 'uri rr nr15r: 1 5 -6nr _7 ir wH W7A8a 9 i w (lad 1 1 1 10 10 10 10 
Th0 0 0 0 0 1 2 212 5 
.'4 C_(ndto_4S 0 0 2 2 2 3 3 4 5k 5 6 __ 7 1 7 8 8 6 9 9 9 9- 9 
435 0 00 12e 2 2 3 49 5J6 7 77 3 8 
--.- 1 _ 9­
- TO2 0 15 3 3 4 5 5Jp 7 __7 6 0 9 0 
Cadmium 
4 
4 7 S 8 81 
t15 - T4 - - - 0 3 3 14 5 5 5 6 6 77 7 
to - O 245 -T4 00 233 4 5L. 5.A 6. t.S I. ...7.. Jd5 '-
- ­ - _ 
6 145 - TS '0 1 1 2 _3_ 3 4--5 5 6 16 6 6 7 7 7 17 7 
-a 7 Wrought Steel 0- 0 1 2 2 3 4 4 I 4Ia 1 5 
SteelCast 12 2 4 5 
S 50 - Solder 1 1 2 3 3 44 4
 
9 Lead 
 0 001 122 1 3 1 3 3 
4 444
 
-± §a----------------------------------------0 
 12 2 2 2 XL K 4 4 4 4. 
t1 a - 9 2 2 3 13 . 3 31-H
- rase .N1.. 
.2 
11 Coppr Thc Larger the Number - The Greater - 1 2 2 2 2 2 
12 ickol the Tendency for Galvanic Corrosion ­
0 _0 1 1ll 
Alum Bronze 
11;5 Ino12 Type ,10­
no. 1 0 0 113 1T- 8 res 00 
0 0Titanium .. 
13 , Silver
 
1-3 Graphite
 
Stailos steols, nickel and hnconl arc considered In the passive condition oil the chart. 
Each metal on the chart is considered anodlc to the subseq~uent metals below In on the chart,
 
left hand coluan:
 
figure 3-2 Table of Potential Terndency for Galvanic Corrosion 
WDL-TR4201 
Volume I 
Group
No. 
CFMF 
Metallingical Catgozy (volt) Permissible Couples 
I Cold, solid and plates, gold-platinum alloys; +0.15 
wrought platinum 
2 rhodium, graphite +0. 05 
3 Silver, solid or plated, high-silver alloys 0 
4 Nickel, solid or plates; monl metal, high -0.15 
nickel-copper alloys, titanium 
5 Copper, solid or plated, low brasses or bronzes. 
silver solder; German silver, high uopper-nickel 
alloys; nickel-chromium alloys; Austenitie stain­
-0.20 
less steels 
6 Commercial yellow brasses and bronzes 
-0.25 
7 Eigh brasses and bronzes; Naval brass. Mentz -0.30 
metal­
8 18%chromium type corrosion-resistant steels -0.35 
9 Chromium, plated; tin, plated; 12%chromium 
- -0. 45 
type corrosion-resistant steels 
10 Tin-plate; terneplate, tin-lead solders -0.50 
11 Lead, solid or plated, high-lead alloys -0. 5Z 
12 Aluminum, wrought alloys of the Duralumin type -0. 60 
13 Iron, wrought, gray, or malleable; plai carbon -0.70 
and low alloy steels, Armes iron 
14 Aluminum, wrought alloys other than Duralumin -0.75 
tip.; aluminum, cast alloys of the silicon type 
15 Aluminum, cast alloys other than silicon type; -0.80 
cadmium, plated and chromated 
16 Hot-dip-zinc plate; galvanized steel -1.05 
17 Zinc, wrought, zinc-base die-casting alloys: -1.10 
zinc, plated 
18 'Magnesium and magnesium-base alloys east or -1.60 
wrought 
1Members of groups connected by lines are considered permissible couples, however, this should not be construed as their beingdevoid of galvanic action. Permlssible couples represent a low galvanic effect. 
o indicates the most cathodic member of the series, . an anodic member, and the arrows indicate the aiodic direction. 
Figure 3-3 Electromotive Series 
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3. 5. 2. 6 Bonding Straps and Jumpers. Bonding straps and jumpers (Figure 3-4) 
shall be of solid copper unless otherwise specified and shall have a cross-sectional 
area of 2000 circular mils (emil) or equivalent er foot but no less than that of 
No. 6 AWG wire (0. 02062 in2 or 26, 250 emil). Bonding straps and jumpers for 
shock mounted devices shall not affect the dynamic characteristics of the device as 
mounted and shall be made of flat tinned copper woven wire braid. Acceptable 
sizes and their circular mil equivalent are as follows: 
Approximate Width (in) 	 Area (cmil) 
1 	 26,000 
1 1/2 52, 500 
2 80,000 
Vibration of the strap or jumper by the shock mounted device shall not change its 
electrical characteristics. The bonding strap or jumper shall not be parallel 
resonant at any frequency used in the system which it is intended to bond. Bondingjumpers shall conform to MS-25083.. (Rationale: Paragraph 3.2.5.6 of Appendix A.) 
3. 5. 2. 6. 1 Bonding Strap and Jumper Size Requirements. Bonding strap and 
jumper sizes for all zones shall be determined as follows: 
a. 	 The length-to-width ratio shall be less than or equal to 5 to 1, 
preferably less than or equal to 3 to 1, when mechanically feasible. 
b. 	 The width-to-thickness ratio shall be greater than 5 to 1, when 
mechanically feasible. 
3. 5. 2.6. 2 Bonding Strap and Jumper Installation Requirements. Bonding straps
and jumper installations shall conform to the following: 
a. 	 Bonds shall be accomplished by brazing or welding, unless a 
disconnect type of connection is required, in which case clamping 
with bolts shall be used. For each bolt, a tooth-type lockwasher 
shall be inserted between the strap and metallic member. 
b. 	 The straps shall be bonded directly to the basic structure rather 
than through any adjacdnt parts. 
c. 	 When installed, the straps shall be unaffected electrically by motion 
or vibration. 
d. 	 The straps .shall be installed in an area that is accessible for
 
maintenance.
 
e. 	 The straps shall be niounted in an area where they can be
 
afforded maximum weather protection.
 
f. 	 Single straps shall be used; two or more straps shall not be
 
connected in series.
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Figure 3-4 Use of Bonding Straps 
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g. Straps shall be installed so that they will not restrict movement of 
structure members. 
h. Sttaps shall be installed so that they will not weaken structure 
members to which they are attached. 
i. Straps shall not be fastened through plywood or other nonmetallic 
material. 
j. Where bonding jumpers and straps are bolted, the area of the bolt 
head shall at least equal the cross-sectional area of the strap. The 
tightening'torque applied to the bolt shall conform to Table 3-1. 
3.5. 2. 7 Joints. Pivot, hinged, and swivel joints shall have a braided connection 
across the joint that will require minimum flexing while in use. Bonds shall be 
brazed or welded in outdoor locations. Clamping methods may be used for bonds in 
indoor locations if continuous pressure follow-up is provided in the design. 
3. 5. 2. 8 Studs and Fittings. For external location, welded studs or fittings used 
for bonding shall be corrosion-resistant to the same degree as the item being bonded 
and shall be painted to exclude moisture. 
3. 5. 2. 9 Structural Steel. Welded joints and joints made with clean, unpainted 
faying surfaces are considered to be sufficiently bonded. The term "clean" shall 
be as defined in Pp.rnaranbi 1- 5. 2. 1-6. 
3.5. 2. 10 Riveted Connections. Riveted connections shall require a bonding strap 
across the joined members, as shown in Figure 3-4, to meet the electrical bond 
requirements of this standard. 
3. 5. 2. 11 Reinforced Concrete. As illustrated in Figure 3-5, braze or weld each 
reinforcing bar (the vertical line) to two adjacent transverse reinforcing bars con­
secutively changing bonding point on successive vertical bars, making all bars 
electrically continuous. Install a bonding jumper from this plane to ground (as 
shown - building structural steel) at maximum intervals of 50 feet. 
3. 5. 2. 12 Mletal Siding, Roofing, and Canopies. The preferred method for bonding 
these items shall be permanently installed bonding jumpers. Alternate methods 
include spot welds to other structural members or through bolts with toothed lock­
washers between bolt and sheet metal. Sheet metal screws are not acceptable. 
3. 5. 2. 13 Bonding of Cable Trays; Cable tray sections, whether in siiigle runs or 
in system arrangement, shall be bonded together as shown in Figure 3-6. In using 
aluminum cable trays in outdoor locations, a bimetallic connector shall be used to 
join a-copper bonding wire to the tray to prevent galvanic corrosion. The connector 
shall be treated with a conductive corrosion preventive lubricant (Eccoshield 
Type SO or equivalent). Cable tray sections, in tandem assenibly, shall be con­
sidered as having electrical continuity when these sections are bonded with appro­
priate high strength bolts torqued per Table 3-1. For aluminum trays, a con­
ductive, corrosiont preventive lubricant (Eccoshield Type SO or equivalent) shall be 
used in the bolted joints. 'Whenever expansion joints are required, a jumper or 
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Figure 3-5 Bonding and Grounding of Reinforced Concrete 
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Figure 3-6 Grounding of Cable Trays 
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bond strap as described in this report shallbe installed, with appropriate precau­
tions against dissimilar metals. 
3. 5. 2. 14 Heating, Ventilating, and Air Conditioning Systems. Heating, ventilating, 
and air conditioning ducts shall.be bonded to ground at intervals of 50 feet or less. 
Jumpers shall be used across flexible connections. Joints in sheet metal ducts in 
internal locations shall be bonded by soldering, brazing, or welding for a distance 
of at least one inch in circumferential locations spaced no greater than 24 inches. 
An equal number of bonding straps may be used if preferred, provided the straps 
are soldered, brazed, or welded to the duct on each end (not longer than necessary 
to bridge the joint when lying flat against the joint), are straight, and have a cross­
section equivalent to No. 6 AWG copper wire. Each air conditioning compressor
and motor frame and housing shall be bonded to its case, and the base shall be con­
nected to building steel by a copper bond strap. The relay housing of thermostatic 
control circuitry shall be bonded to ground. 
3.5. 2. 15 Inspection Covers. For internal locations, inspection covers on boxes 
made of sheet metal less than 1/8-inch thick shall be considered bonded by the 
sheet metal or self-tapping screws. Where the thicknesses are greater, machine 
nuts and bolts shall be used. 
3. 5. 2. 16 Pipe (General). Pipe shall be bonded to ground at intervals of not more 
than 50 feet. For indoor locations, bonding may be accomplished by clamping ­
methods if continuous pressure follow-up is provided with serrated or spring 
washers. Pipe installed in outdoor locations shall have brazed or welded bonds, 
except that stainless steel clamps may be used to bond stainless steel pipe to 
ground if the restrictions of dissimilar metals presented in Paragraph 3. 5. 2.4 are 
considered. Threaded joints which have a tapered thread are acceptably bonded if 
drawn up tightly with a corrosion-inhibiting conductive sealant (Eccoshield conduc­
tive pipe compound or equivalent) to ensure an adequate lasting bond across the 
joint. 
3. 5. 2. 17 Exotic Piping. Bimetallic and vacuum-jacketed piping shall be bonded 
by clamps or by previously attached grounding lugs and pigtails of compatible
materials.. Eccoshield Type SP Conductive Lubricant or equivalent shall be used 
between the pipe clamps and the pipe. 
3.5. 2. 18 Stainless Steel Piping. Stainless steel piping in external locations shall 
be considered bonded at the flanges when stainless steel nuts and bolts are used 
and a serrated or spring washer of stainless steel is used to maintain contact 
pressure continuously. 
3. 5. 2. 19 Temporary Piping. Jumpers may be bolted to bond across flanges in 
those situations where piping is temporary or when conditions demand quick dis­
connect for changeover or cleaning, 
3.5. 2. 20 Welded Wire Fabric. Welded wire fabric shall be brazd or welded 
together at edges on 4-ft centers and connected to reinforcing steel on 4-foot 
centers. 
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3.5. 2. 21 Cranes. Crane rails shall be bonded at each section using a bare No. 
2/0 copper conductor, bonded to the rail and its supporting member with exo­
thermic welds. Cranes shall be bonded to grounding rails with copper shoes. This 
applies to both bridge and trolley. 
3. 5. 2. 22 Miscellaneous. Fixed metal railings, roll-up door housing, joints of 
folding bridges, metal equipment on roofs (such as door frames) metal coping, 
ventilators, penthouse structures, gravel stops, rain gutters, ladders, HF screen 
rooms, elevator guide rails, and elevator doors shall all be bbnded to ground with 
short lengths (10 feet or less if possible) of copper conductors. Solid conductors 
shall be used when practical. 
3. 5. 2. 23 Protection of Finished Bonds. Finished bonds shall be protected by 
painting to match the original finish after bond is made. Bolted or clamped bonds 
on bare metal shall be treated with silicone per MIL-S-8660 or equivalent protect­
ing coating after the bond is made. 
3.5.3 Grounding 
Grounding methods and materials shall be as specified in Paragraphs 3. 5.3. 1 
through 3.5.3.12. 
3. 5.3. 1 Grounding Practices. Grounding practices, as a minimum, shall con­
form to the applicable requirements of the National Electrical Code. Where 
.nenific practices are required by thiq report, the requirements nf thiQ rpnnrl d11 
govern.
 
3.5.3. 2 Ground Connections (General). All ground connections shall be bonded 
connections, made in accordance with the applicable requirements of Paragraph 
3. 5. 2. If not otherwise specified, grounding conductors shall be solid or Class B 
stranded copper of a size sufficient to meet the grounding resistance requirements 
specified herein. Welding or brazing are the preferred methods of attaching 
grounding conductors and these methods shall be-employed wherever practicable. 
When welding or brazing is unsafe or impractical, bolted or clamped connections 
may be used. When connectors are required on ground wires or straps, the con­
nectors shall be attached by welding, brazing, or compression (cold-flow) methods. 
Solder type connectors shall not-be used for making ground connections. 
3.5.3.3 Facility Ground Networks. At all locations where gitunding is required 
to implement the requirements of Paragraph 3.4, a facility ground network shall be 
provided comprising an earth grounding counterpoise with conducting extensions to 
all objects requiring grounding. 
3. 5. 3. 3. 1 Metal Frame Structures. In metal frame structures the structural 
members shall be an integral part of the facility ground network md shall be 
grounded to an earth ground counterpoise in accordance with Paragraph 3. 5. 3.4. 3. 
Extensions.of the facility ground network to areas where bonded structural mem­
bers are not accessible shall be accomplished wi4th copper conductors bonded to 
major structural members. Conductor sizes shall be selected on the basis of pro­
viding 2000 circular mils of cross-sectional area for each ruming foot of the 
extension but shall not be less than No. 4/0 AWG. 
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3.5. 3. 3. 2 Nonmetallic Structures and Exterior Areas. In nonmetallic structures 
and exterior areas where grounding is required, an earth grounding counterpoise in 
accordance with the applicable requirements of Paragraph 3. 5. 3.4. 3 shall be pro­
vided, and copper conductors shall be extended to all areas where connections to a 
grounding network or counterpoise is required. Conductor sizes shall be selected 
on the basis of providing 2000 circular mils of cross-sectional area for each run­
ning foot of the extension from the earth grounding counterpoise but shall not be 
less than No. 4/0 AWG (see Table 3-2). Where this feeder is connected to a 
distribution plate in the structure or area, distribution from the plate to the using
point shall use conductors sized according to the same criterion, but which shall be 
no smaller than No. 2/0 AWG. It Zone 4 areas, electrical conduit systems may be 
used as a part of the facility ground network and -equipment ground connections may
be made thereto, provided the conduit systems are bonded and grounded as speci­
fied in Paragraph 3. 5.3. 6.1. 
TABLE 3-2 
GROUNDING CABLE REQUIREMENTS 
CABLE SIZE (AWG) MAXIMUM RUN .(FT) 
500 MCM 
350 MCM 
0000 
000 
00 
0 
1. 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
250 
174 
105 
84 
66 
53 
41 
33 
26 
21 
17 
13 
10 
8 
6 
5 
4 
3 
BUSBAR (IN) MAXIMUM RUN (FT) 
2 x 1/4 
4 x 1/16 
2 x 1/8 
1 x 1/16 
lx 1/8 
318 
159 
159 
39 
79 
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TABLE 3-2 (Cont) 
COPPER TUBING 
MAXIMUM RUN 
OD (IN) WALL (IN) (FT) 
3.125 0. 109 625 
2. 125 0. 083 416 
1. 125 0, 065 166 
0.625 0. 040 50 
3. 5. 3. 3. 3 Reinforced Concrete and Metal-Clad Structures. Facility ground net­
works shall be provided for reinforced concrete and sheet metal clad (nonmetal 
framing) structures as specified in Paragraph 3. 5. 3. 3. 2 for nonmetallic structures. 
Concrete reinforcing steel and metal siding shall not be utilized as the path to 
earth for equipment ground connections, even though these metals may be grounded. 
The maximum runs for various size cables and busbars, when used for grounding, 
are tabulated above. These data are based on a criterion of 2000 circular mils 
(cmil) per running foot of ground lead or a maximum of 5 milliohms in any ground 
lead at frequencies up to 50 kHz. 
3.5.3.4 Earth Grounding Counterpoises. Earth grounding counterpoises shall 
consist of one or more electrically interconnected ground rods conforming to 
Paragraph 3.5.3.4. 1 and installed in accordance with Paragraph 3. 5.3.4.3. The 
configuration of an earth grounding counterpoise is determined by the function and 
extent of the grounding network of which it is part. The length (depth) of the ground 
rod(s) is determined by the function of the counterpoise as specified in Paragraph 
3. 5. 3.4. 1. The number of interconnected ground rods required and their arrange­
ment is determined by the physical extent of the area served by the counterpoise, 
and is specified in Paragraph 3. 5.3.4. 3' 
3. 5. 3.4. 1 Ground Rods. Ground rods shall be 3/4-inch diameter copper-clad 
steel rods in ten-foot sections. Minimum thickness of copper shall be 0. 028 inch 
at any point on the cylindrical surface. Copper cladding shall be performed by a 
molten welding process so that an interlocking crystalline union is secured 
between the copper and steel. Sections shall be vertically joined by exothermic 
welding or, preferably, by brazing. 
3.5.3.4.2 Rod-to-Earth Resistance. Rod-to-earth resistance requirements for 
driven ground rods and measurements to verify rod-to-earth resistance shall be as 
specified in Paragraphs 3. 5.3.4.2.1 and 3. 5.3.4.2. 2. 
3. 5. 3.4. 2. 1 Resistance Requirements. Table 3-3 gives the niaximum allowable 
resistance between each driven ground rod and earth for each of the functions for 
which ground rods are used at KSC. 
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TABLE 3-3 
GROUNDING RESISTANCE 
Rod-to-Earth Max. Resistance 
Ground Counterpoise Function (ohms) 
Instrumentation 	 1 (Note 3) 
Facility 	 1 (Notes 1, 3) 
Power 	 1 (Notes 1, 3) 
Lightning 	 5 (Notes 1, 2) 
Static 	 5 (Notes 1, 2) 
Notes: 
1. 	 At any location where instrumentation grounding is or may be 
required, the maximum rod-to-earth resistance for any ground 
rod shall be one ohm. 
2. 	 At KSC, 20-foot ground rods have been found to maintain a stable 
reading of approximately five ohms over an annual .period.
3. 	 At KSC, 40-foot ground rods have been found to maintain a stable 
reading of approximately one ohm over an annual period. 
3.5.3.4.2. 2 Resistance Measurements. The resistance between a ground rod and 
earth shall be determined by the fall of potential test method described below and 
illustrated in Figure 3-7. This method utilizes a ground-ohmmeter such as a 
Model 293 Vibroground, which produces an alternating current that is close to but 
not at 60 hertz (a 60- hertz source may be influenced by outside fields and currents),
and three test electrodes identified as earth electrode (EE), driven reference 
electrode (DR), and potential reference electrode (PR). The DR rod is placed not 
less than 100 feet from the earth electrode (EE) under test. The PR is driven 
approximately midway between the EE and DR rods. After recording this resistance 
measurement, other readings are taken with the PR relocated to positions on either 
side bf its initial location, about ten feet apart. If all three measurements are found 
to be within ten percent of each other, the mean value of all the readings is used as 
the earth resistance. Should the readings be outside the ten percent range, the DR 
stake is placed farther away and the test procedure repeated. 
3.5.3.4.3 Counterpoise Design Requirements. All earth grounding counterpoises
shall conform to the requirements listed below. 
a. 	 The counterpoise-to-earth resistance shall be in accordance with the 
requirements of Paragraph 3. 5. 3. 4. 2. 1 which are applicable to the 
most stringent ground requirement for which the counterpoise will be 
used. A design nomograph "fordetermining the parameters of a single 
ground rod is shown in Figure 3-8. An early part of the counterpoise 
design will be the measurement of the resistivity of the earth in the 
vicinity where the counterpoise is to be installed. This shall be done, 
using the four-stake method with a Model 293 Vibroground or equivalent 
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Figure 3-7 Fall-of-Potential Method ­
as illustrated in Figure 3-9. The resistivity at a depth of 4, 8, 
16. and 32 feet shall be determined by varying the spacing between 
the test stakes accordingly as indicated in Figure 3-9. The 32­
foot measurement represents an average resistivity to that depth 
and shall be used, together with the diameter (3/4 in) and required 
resistance, to determine the length of rod required from the nomo­
graph (Figure 3-8). (Rationale: Paragraph 3.5.3.4. 3(a) of 
Appendix A.) 
Some precautions must be taken in using this nomograph. These are: 
(1) 	 If the solution on the nomograph indicates a rod length of 
16 feet or less, the rod length shall be redetermined using the 
measured resistivity for that depth. Likewise, an indicated 
length of 8 feet or less or 4 feet or less dictates that the 
corresponding resistivity should be used. 
(2) 	 If the rod length as determined by the nomograph is off scale 
on the nomograph, a multiple-rod counterpoise shall be con­
sidered. Select an arbitrary rod length and determine the 
resistance for that length. Then, using the multiple rod 
conductance ratio chart (Figure 3-10) determine the number 
of rods of that resistance required to achieve the desired net 
resistance. 
b. 	 There shall be at least two copper paths, within the counterpoise, 
between any two points in the counterpoise. This requirement 
does not apply to straight line counterpoise for duct banks, cable 
trays, etc. 
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Figure 3-9 Earth Resistivity Measurement 
c. 	 Ground rods shall be installed so that any point on the counterpoise 
is within,50 feet of a ground rod. Spacing between ground rods shall 
be as uniform as practicable throughout the counterpoise. 
d. 	 Wires used for interconnecting ground rods shall be bare stranded 
copper conductors not less than No. 4/0 AWG in size. 
e. 	 Ground rods shall be driven as close tQ structure foundations as 
practical, and to a depth that the tops of the rods are not less than 
12 inches below grade level. Interconnecting wires shall be buried 
not less than 24 inches below ground level. 
f. 	 Wire connections to ground rods and riser connections to counter­
poise wires shall be made by brazing. If many similar connections 
are to be made, an exothermic process may be used. The wires or 
wire and rod shall be placed in parallel and in contact and be contin­
uously brazed for a distance of at least two inches. (Rationale: 
Paragraph 3.5. 3. 4(f) of Appendix A.) 
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Figure 3-10 Conductance Ratio of Many Rods vs One Rod in a Given Area 
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g. 	 When counterpoises are provided for steel frame structures, each ver­
tical column to be grounded shall be separately connected to the counter­
poise by the most direct route, using-No. 4/0 AWG or larger copper
conductors. Additional risers from the 6outerpoise to above grade
level may be required for special grounding purposes. Conductors 
shall be attached to the columns by brazing or, in quantity, by exo­
thermic welding as specified in Paragraph f above. 
h. 	 When counterpoises are provided for other than steel frame structures 
in Zone 1, 2, and 3 areas, riser conductors from the counterpoise 
to above grade level shall be provided at intervals not exceeding 50 feet. 
The risers shall be routed to the nearest interior (for enclosed struc­
tures) or protected area. Riser conductors shall have a cross-sectional 
area of 2000 circular mils for each running foot of riser length, but shall 
not be less than No. 4/0 AVG. The riser's shall be routed in such a 
manner that they avoid by at least 3 feet any other conductors or cables. 
Where this requirement cannot be met or in areas of high ambient noise 
(E or H field) the riser shall be run, in aluminum or ferrous conduit. 
3. 5. 3. 5 Electrical Power Systems. All electrical power distribution systems
shall be grounded in accordance with the National Electrical Code, KSC-STD-E­
0007, and the requirements specified in Paragraphs 3. 5.3.-5. 1 through 3. 5. 3. 5. 3. 
In case of conflict between these documents, the requirements of this standard 
shall govern. 
3.5.3.5.1 AC Power Distributive Systems. Sixty-Hz ac power distribution sys­
tems for both industrial and instrumentation power shall have the neutral conductor 
grounded to the facility ground network only at the immediate power source (trans­
former or generator). In all facilities which contain any Zone 1, 2, or 3 areas, all 
distribution circuitry downstream of the ground connection (power ground) shall be 
isolated so that no current normally flows through the ground conductor or through
the facility ground network. Zone 4 areas shall meet NEC requirements on neutral 
grounding, but shall in no way compromise the power grounding of any other zone 
areas.
 
3. 5.3. 5. 1. 1 Power Source. Transformers for single-phase or three-phase supply 
at 600 volts nominal or less shall have their secondaries grounded as shown in 
Figure 3-11. Generator neutral conductors shall be grounded in a similar manner. 
When generators are operated in parallel, the neutrals shall be bussed together and 
grounded at a single point. The ground connection shall be made to the nearest 
accessible point on the facility ground network. The grounding conductor size shall 
be selected to provide a cross-sectional area of 5000 circular mils for each running
foot of the neutral grounding conductor but in no case shall be less than the size 
specified by the National Electric Code. Power sources supplying any zone class­
ification shall include provision for opening the neutral ground connection for neutral 
isolation testing as specified in Paragraph 3. 7. la. This, device shall have a cross 
section at least equal to that of the neutral ground cable and shall be capable of 
being sealed for integrity control. 
3. 5. 3. 5. 1. 2 Distribution Wiring Systems. In all facilities which contain any Zone 
1, 2, or 3 area, all current carrying conductors, including the neutral conductor, 
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shall be isolated from ground except for the single-point ground connection at the 
power source specified in Paragraph 3. 5. 3. 5. 1. 1. 
NOTE: 	 This requirement is more stringent than that specified in 
Article 250-21 of the National Electrical -Code. The neutral 
shall not be switched downstream of the power ground con­
nection. Solid isolated neutral terminals shall be provided 
in switch and circuit breaker enclosures for thru-connection 
of neutral conductors. 
Equipment designers shall not under any circumstances 
ground -the power neutral in their equipment. 
3. 5. 3. 5. 1. 3 Power Receptacles. Only power receptacles which are listed as 
approved by KSC-STD-E-0011 shall be used. In some of these receptacles, the 
ground terminals are grounded through the connector shell for some three-phase 
120/208 volt applications, and in such cases the installation design must ensure a 
good ground connection to the connector shell. The requirements specified in Para­
graph 3. 5. 3. 11 shall be observed in grounding the ground terminal of any power 
connector. 
3. 5. 3. 5. 1.4 Suppoiting Structures. All noncurrent carrying conductive parts of 
power distribution systems such as conduit, cable trays, and other raceways; 
junction boxes, outlet boxes, switch boxes, and panelboard enclosures; transformer 
.and generator frames and housings, etc. . shall be grounded in accordance with 
Paragraph 3. 5.3.6. 
3.5.3.5.2 Special Power Systems. Functional requirements of dc power and other 
special power systems necessitate various grounding arrangements. Whenever 
possible, one leg of all such power systems shall be grounded at a single point. All 
grounding configurations shall be such that no load currents normally flow in the 
facility ground network. 
3. 5. 3. 5. 3 Other Electrical/Electronic Circuitry. The grounding arrangements 
employed in all electrical/electronic circuitry shall be such that no signal currents 
normally flow through the facility ground network. 
3. 5.3. 6 Electrical Supporting Structures. All electrical supporting structures,
 
as defined in Paragraph 3.1, shall be grounded to the appropriate (facility or
 
instrumentation) ground network. Grounding requirements for particular types of
 
supporting structures are specified in Paragraphs 3. 5. 3. 6. 1 through 3. 5.3. 6. 8.
 
Grounding methods for types of structures not specifically covered herein shall be
 
adequate to meet the grounding resistance requirements specified in Paragraph
 
3. 5.3. 12 and any applicable requirements of the National Electrical Code. 
3. 5.3. 6.1 Conduit Systems. All conduit systems, whether used for power
 
distribution wviring or for instrumentation or communication cfrcuitry, shall be
 
grounded with the following requirements:
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a. Every component of conduit systems, such as conduit section, 
couplings, line fittings, pull boxes, junction boxes, outlet bdxes, etc., 
shall be grounded, either by direct connection to ground or by bonding 
to other grounded components. 
b. All joints between conduit sections or between sections, fittings, or 
boxes shall be bonded. Conduit terminations in terminal equipment 
junction boxes shall be bonded. Threaded connections are considered 
adequately bonded when the threads are treated with a conductive lubri­
cant (Eccoshield Type SO or equivalent) and the threads are firmly 
tightened. Conduit couplings, terminations in thinwall boxes, and fit­
tings made with gouging lock nuts or grounding buslings are adequately 
bonded. All other joints shall have bonded jumpers installed across the 
joints. 
c. - In Zones 1, 2, and 3, the bonded conduit systems shall be connected 
to the facility ground network at intervals not exceeding 50 feet. The 
resistance of the ground connection shall not exceed ten milliohms. 
Conduit systems in Zone 4 areas shall, as a minimum, be grounded at 
the source panelboard enclosure (for power distribution systems) or at 
the end terminal distributors.­
d. Cover plates of conduit fittings and boxes are considered adequately 
grounded by the attaching screws when in place and properly 
tiehtened. 
3. 5. 3, 6. 2 Cable Trays. The individual sections of all cable tray systems shall be 
bonded together as specified in Paragraph 3. 5. 2, and the tray systems grounded. 
Ground connections to the facility ground network shall be made within two feet of 
each end of each run, and at intervals not exceeding 50 feet along each run. 
Ground connections shall be made w4th No. 2/0 AWG, or larger, copper conductors 
such that the resistance of each connection is not greater than two milliohms. 
Exterior cable trays provided with lightning shielding counterpoises shall be 
grounded in accordance with KSC-STD-E-0013. 
3. 5. 3. 6. 3 Wiring System Enclosures. All electrical/electronic wiring and 
distribution equipment enclosures not otherwise specifically covered in this 
standard shall be individually grounded to the facility ground network. The 
resistance between the grounding conductor termination in the enclosure and the 
facility ground network shall not exceed two milliohms. The grounding conductor 
termination in the enclosure shall be a feed-thru arrangement whereby interior 
wiring ground connections can be made to the grounding conductor termination. 
Minimum conductor sizes for power distribution enclosures (circuit breaker panels, 
switch gear, etc. ) shall be as specified in the National Electrical Code, Table 
250-94(a). Grounding conductors for instrumentation and communications terminal 
distributors shall have a cross-sectional area of 2000 circular mils per running 
foot of distance run to the nearest facility ground network connection and shall not 
be smaller than No. 2/0 AWG. 
3. 5.3.6.4 Motors and Generators. The frames of all motors and generators 
shall be grounded. In Zone 4 areas frames of motors and generators operating at 
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600 volts or less shall be deemed adequately grounded when securely bonded to the 
power supply conduit as specified in Paragraph 3. 5.3. 6.1. Frames of motors and 
generators operating in excess of 600 volts shall be grounded by a separate ground­
ing conductor. In Zones 1, 2, and 3, all motors and generators shall be grounded 
to the facility ground network with copper conductors. 
3.5.3.6.5 Electrical Manholes. In all electrical power and communications cable 
system manholes, at a convenient point close to a wall, a 20-foot ground rod shall 
be driven (before the manhole is poured) so that the top of the rod is approximately 
four inches above the manhole floor. When precast concrete manholes are used, 
the top of the rod may be below the floor and a No. 4/0 copper conductor extended 
from the rod into the manhole through a watertight penetration in the wall or floor. 
This rod or conductor shall be utilized for grounding power and communications 
cable sheaths. 
3. 5. 3.6. 6 Metallic Power Cable Sheaths. Metallic cable sheaths on electrical 
ac power cables shall be grounded as specified in KSC-STD-E-0007. 
3. 5. 3. 6. 7 Power Substation Fences. Fences around power substations shall be 
grounded as specified in KSC-STD-E-0013 to provide protection from high voltage 
hazards. Grounding, as specified, shall be provided regardless of whether the 
area is exposed to lightning strikes. 
3. 5. 3. 6. 8 Mobile and Portable Equipment. Portable electrical equipment such 
as office equipment, power tools, electrical test equipment, etc., shall be con­
sidered to be adequately grounded through the ground conductor ("green wire") of 
the power cord, provided it makes a solid connection between the equipment case 
and the ground terminal of a power receptacle. Local requirements in Zone 1, 
2, and 3 areas may require additional ground connections to the equipment cases. 
All electrical supporting structures in mobile equipment such as elevators, cranes, 
trailers, crawler transporters, etc., shall be grounded to the mobile equipment 
grounding network in accordance with the applicable requirements of this standard. 
The mobile equipment shall be grounded as specified in Paragraph 3. 5. 3. 7. 
3.5.3.6.9 Electronic' Equipment Enclosures. Electronic equipment enclosures 
may be associated with either the facility ground network or the instrumentation 
ground network, depending upon the nature and sensitivity of the equipment con­
tained therein. The four options are as follows: 
a. When RF equipment or equipment relatively unsusceptible to low 
frequency noise is contained in the enclosure, it shall be grounded 
to the facility ground network. 
b. When sensitive analog or digital equipment is installed in an enclosure, 
the enclosure shall be grounded to the facility ground network, and the 
logic, signal, or E-2 grounds for each chassis shall be grounded to the 
instrumentation groundnetwork via an insulated busbar in the enclosure 
and the most convenient I-plate. 
c. Where extremely sensitive equipment is installed in an enclosure, the 
enclosure shall be grounded to the instrumentation grounding network. 
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The 	enclosure shall be placed on an insulating plate to preclude 
contact with parts of the raised floor system which is connected to 
the facility grounding network. Individual chassis, logic, signal, 
and E-2 grounds from each equipment chassis shall be grounded to 
a busbar inside the enclosure. 
d. 	 Where the enclosure is a screen room having a high shielding effective­
ness (80 to 100 dB), it shall be grounded to the facility grounding net­
work at a single point. This point shall be a copper or phosphor bronze 
stud which penetrates (and is brazed or silver-soldered around its 
perimeter) to the inner and outer surfaces of the screen room. The 
screen room acts as a separate universe for which this stud is the 
single-point ground. The ground for the power line filters shall be 
connected to this stud outside the room. A busbar shall be installed 
within the room to act as local ground for equipment within the room. 
(Rationale: Paragraph 3.5.3. 6. 9(d) of Appendix A.) 
Internal grounding details of electronic equipment enclosure (equipment racks) 
are presented below for the guidance of equipment designers. 
a. 	 A grounding stud (3/8 in - 16 phosphor bronze) shall be brazed to the 
base of the enclosure for connection to the appropriate ground network. 
This stud should project through into the pallet or base area as well 
as into the equipment area in the event that the shielding effectiveness 
of the enclosure must be preserved. 
b. 	 A 1/4-inch x 1-inch copper busbar shall be attached to the left-hand 
upright (as viewed from the rear) adjacent to the plug mold. This 
busbar is provided for the connection of chassis or E-1 grounds. 
This busbar shall be connected to the grounding stud using a No. 6 
AWG green wire with crimped lugs which provide cold flow of the 
metal of the lug and cable. Connection of this wire to the busbar 
shall be made with a 1/4 in-20 phosphor-bronze nut and bolt using 
star or spring lockmarkers. The busbar shall be drilled and tapped 
on 3-1/2 in centers for No. 10-24 screws. 
c. 	 Where separate logic, signal, or E-2 grounds are included 
as a design feature (as in Paragraph b above) of the equipment in 
the enclosure, a similar busbar shall be provided on the right-hand 
upright (as viewed from the rear) and shall be insulated from the 
enclosure using nylon bushings and washers. In case b above, this 
busbar shall be connected tQ the nearest I-plate, sizing the conductors 
by the 2000 cmil/running foot rule but never using less than No. 2/0 
AWG. In case c above, this busbar shall be connected to the enclosure 
ground stud in the manner described in (1) above. 
d. 	 In each case, the ground terminals of all of the plug-mold receptacles 
shall be connected in series to the enclosure ground stud using a green 
wire no smaller than No. 12 AWG. 
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3. 5.3. 7 Other Specific Equipments. Grounding methods and requirements for 
specific equipment other than electrical supporting structures are specified in the 
following paragraphs. 
3.5.3.7.1 Elevators. All elevators shall be grounded in accordance with the 
requirements of applicable elevator codes and the National Electrical Code. 
3.5.3.7. 2 Cranes. All bridge and trolley cranes shall be grounded through the 
rails and through the power system ground conductor. 
3.5.3.7.3 Crawler-Transporter. Special in-transit earth grounding provisions 
are made for the LC-39 crawler-transporters. Grounding practices on board the 
crawler-transporters shall conform to the applicable requirements of this standard. 
3. 5. 3. 7.4 Raised Floors. Raised floor pedestals, stringers, space assembly 
blocks, spring and spring isolation assemblies shall be grounded to the facility 
ground network. Raised floor pedestals shall each be interconnected with No. 4 
AVG solid copper conductors such that each pedestal is connected with at least 
two paths to ground. The interconnected pedestals shall be connected to the facility 
ground network at intervals not exceeding 20 feet, as shown in Figure 3-12. Each 
floor plate shall be bonded to the support jacks through either metal-to-metal con­
tact or flexible bonding jumpers. 
3. 5. 3.7.-5 Instrumnentation Cable Overall Shields. Overall shields in instrumen­
tation cables shall be grounded as specified in DTI-E-9. 
3.5.3.8 Miscellaneous Exterior Structures. Exterior structures, such as towers, 
fences, railroad tracks, pole lines, pipe lines, cable trays, storage tanks, etc., 
which require lightning protection shall be grounded in accordance with the require­
ments of KSC-STD-E-0013. Earth grounding counterpoises and grounding con­
ductors and connections shall be in accordance with the applicable requirements of 
this standard. 
3. 5. 3. 9 Metal Objects. All metal objects which must be grounded solely to sup­
press static electricity as required in Zone 1 area or as required by AFETRM 127-1 
ahd AFM 127-100 for ordnance handling shall be connected to earth through a path 
not exceeding ten ohms resistance. Objects may be grounded directly or bonded tc 
other objects which are grounded. 
3.5.3. 10 Personnel Safety. The grounding schemes for instrumentation grounds 
described in the following paragraphs may give rise to possible shock hazards as a 
result of thunderstorm activity and-induction from lightning currents in the struc­
ture. These hazardous potentials may be minimized by placing a low voltage light­
ning arrestor between the instrumentation grounding network and the facility ground­
ing netvork at the point on the instrumentation grounding network located farthest 
from the common point of connection between the two networks. KSC-STD-E-0013, 
Standard for Lightning Protection,' provides arrestor application data. (Rationale: 
Paragraph 3. 5.3. 10. 1 of Appendix A.) 
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Figure 3-12 Grounding of Raised Floors 
3. 5. 3. 10.1 Instrumentation Grounding Schemes. Presently, there are three 
instrumentation grounding schemes at KSC: 
a. 	 Use of structural steel as system ground point (Figure 3-13) 
b. 	 Use of separate ground risers from one common ground point to each 
individual system (Figure 3-14) 
c. 	 Use of a common bus as system ground point (Figure 3-15). 
3.5.3.10.1.1 Structural Steel as System Ground Point. This grounding scheme 
utilizes the structural steel in the structure as a low impedance extension of the 
earth ground. Individual instrumentation and communication system reference 
planes are single-point grounded to the building steel at the nearest, most conven­
ient point. The electrical conductivity o steel is approximately 12 to 14 percent 
that of standard annealed copper with 100 percent conductivity. Figure 3-13 is a 
schematic representation of this grounding scheme, which is particularly suited to 
the grounding of high frequency devices operating at 2 MHz or higher. The structural 
steel in this frequency range is superior to the use of large gauge copper cable in 
conduit. (Rationale: Paragraph 3. 5. 3. 10. 2. 1 of Appendix A.) 
3-38 
WDL-TlR4201 
Volume I 
I- N 
S TEM~A I. ~~A
 
am IIiii 
N \NN 
Figure 3-13 Structural Steel as System Ground \Point 
N ­
/ ­
/N 
-
Figure 3-14 Separate Ground Risers 
.-. 
Figure 3-15 Common Bus as System Ground Point 
3 39
 
WDL-TR4201 
Volume I 
3.5.3.10. 1.2 Separate Ground Risers, This scheme requires that each 
individual instrumentation and communication system reference plane be con­
nected to earth ground at one common point through separate insulated grounding
conductors. The major disadvantage to tis scheme is the cost of implementation 
versus the advantage gained. There is no appreciable problem of developing ser­
ious potential differences between risers if the 2000 cmil/unning foot criterion is 
followed in the grounding system design. Figure 3-14 is an illustration of this 
scheme. 
3. 5. 3. 10. 1.3 Use of Common Bus as Ground Point for Systems. This scheme 
calls for an isolated ground bus to be routed radially through the structure to form 
a grounding tree, the main trunk of which is a large, grounded copper bus. Figure
3-15 illustrates this scheme.. This type of system is particularly suited to a sys­
tem havin-wide distribution and requiring a common low impedance ground and 
where the provision of individual risers to each location is excessively costly. The 
implementation of the instrumentation grounding network in the VAB tower is an 
example of this grounding method. Another example is the implementation of the 
static and signal grounding of the ACE system in the MSO, LCC, and VAB, where 
large copper tubing is used for high frequency busbar. 
3.5.3. 11 Grounding Precautions. The precautions listed below shall be observed 
-in making ground connections. 
a. 	 Equipment ground connections shall not be made to the neutral 
conductor of ac power distribution systems. Conversely, the 
neutral conductor shall not be grounded in any load equipment 
connection to ac power systems. 
b. 	 Where instrumentation equipment enclosures (racks, cabinets, 
consoles) are isolated from the facility ground network and 
connected to the instrumentation ground network, the ground
conductors of the instrumentation equipment power cords must 
be connected to the associated instrumentation ground network, 
Tather than to the ground terminal in the source power receptacle.
Continuity betwden the equipment power cord ground conductor and 
the power system ground conductor will result in multiple grounding
of the instrumentation ground network. 
c. 	 In most commercial test equipment, the signal circuitry is electrically 
common with the equipment case. When such test equipment is used 
with equipment grounded to isolated instrumentation ground systems, 
care must be exercised in the ground connection of the test equipment 
power cord ground conductor, as noted in b above, to avoid multiple
grounding of the instrumentation ground network. 
3.5.3.12 Grounding Resistance Requirements. The following section summarizes 
the grounding resistance requirement§ specified in the foregoing sections of this 
standard and establishes general requirements which shall be complied with in all 
cases. 
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3. 5. 3. 12. 1 Ground Rods. Rod-to-earth resistance for ground rods shall be as 
specified in Iaragraph 3. 5. 3.4. 2. 1. 
3. 5.3. 12. 2 Facility Ground Networks. In steel frame structures, the total 
resistance of any copper conductor extension from the bonded structure shall not 
exceed five milliohms. In nonmetallic structures, the total resistance of any 
copper conductor extension from the earth grounding counterpoise shall not exceed 
ten milliohms. In Zone 4 areas, where electrical conduit systems are used for 
ground paths, the total path resistance from equipment to be grounded to the point 
of contact with the earth grounding counterpoise shall not exceed 100 milliohms. 
3.5.3.12. 3 Power Grounds. The total resistance from the neutral of the power 
source through the connection to the facility ground network shall not exceed two 
milliohms. 
3. 5. 	3. 12. 4 Wiring System Enclosures and Cable Trays. The total resistance of 
each ground connection, from the connection to the equipment through the connection 
to the facility ground network, shall not exceed two milliohms. 
3. 5. 	3. 12. 5 Conduit Systems. In Zone 1, 2, and 3 areas, the total resistance of 
each ground, from the connection to the conduit through the connection to the 
facility ground network, shall not exceed ten milliohms. In Zone 4 areas, the total 
resistance from any point on a conduit to its point of connection with the earth 
grounding counterpoise shall not exceed 100 milliohms. 
3.5. 	3. 12. 6 Other Electrical Supporting Structures. If not otherwise specified 
herein, the total grounding resistance between any structure to be grounded and the 
facility ground network shall not exceed ten milliohms in Zone 1, 2, and 3 areas or 
50 milliohms in Zone 4 areas. Portable equipment, described in Paragraph 3. 5.3. 6, 
is excluded from this requirement. 
3. 5.3. 12. 7 Lightning Protection. The total resistance of any ground connection 
to the facility ground network which might reasonably constitute a path for lightning 
discharge currents shall. not exceed ten milliohms. 
3. 5.3. 12. 8 Static Grounds. The total resistance of the ground path to the facility 
ground network from objects to be grounded solely for suppressing static electricity 
shall not exceed ten ohms. 
3. 5. 	3.12. 9 Marking, Labeling, and Protection. To ensure the continuing integrity 
of the grounding networks, they must be clearly marked and/or labeled at specific
 
In addition, some protection is required for the instrumentation zero
points. 
reference planes (I-plates). These items shall be as follows: 
a. 	 Facility Ground Feedrs. Facility grounding network feeders 
shall be marked with one band of 1/2-inch green plastic adhesive 
tape at intervals of 36 inches. 
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b. E-plates. Facility ground zero potential planes (E-plates) shall be 
marked with a single band of 1/2-inch green plastic adhesive tape. 
The band shall be placed at the top or left-hand end of the plate,
depending on its orientation. A white adhesive label with the caption 
"E-GRD" in 3/8-inch black letters shall be affixed to the plate in an 
area where no connections will be attached. 
c. 	 Instrumentation Ground Feeders. Instrumentation grounding net­
work feeders shall be marked with two bands of 1/2-inch green 
plastic adhesive tape placed 1/2 inch apart. These dual bands 
shall be placed at 36-inch intervals. Conduits which enclose 
instrumentation feeders shall also be marked at 6-foot intervals 
on horizontal runs. Vertical riser conduits need only be marked 
once at a height of 5 feet from the floor. 
d. 	 I-plates. Instrumentation ground zero potential planes (I-plates) 
shall be provided with a protective lucite cover spaced 3/4 inch 
from the plate and extending 1 inch beyond each edge of the plate. 
This lucite cover shall have a white adhesive label centered on it 
and bearing the caption: 
CAUTION (3/8-inch characters) 
INSTRUMENTATION GROUND (3/8-inch characters) 
Do not permit contact with any metal objects. Ref: KSC-STD-0012 
(1/4 inch characters) 
3.6 SPECIAL CONSIDERATION FOR EXISTING FACILITIES 
Many existing facilities, including LC-34 and LC-37 at CKAFS, may not conform to 
the bonding and grounding requirements specified herein for the following reasons: 
a. 	 The bonding and grounding practices employed in the initial installation 
were not designed to meet the requirements specified herein. 
b. 	 The resistance of bonds and grounds may have increased due to 
deterioration of facilities and equipment. 
It is not the intent of this standard that existing facilities be upgraded to conform 
to the requirements specified herein. Bonding and grounding requirements for 
existing facilities shall be as specified in Paragraphs 3.6. 1 through 3. 6.4. 
3. 6. 	1 Rework or Replacement of Existing Facilities 
When replacement of existing facilities or equipment, or refurbishment or modifi­
cation to the extent of reworking ground connections or replacing grounding con­
ductors is required, the bonding and grounding practices employed shall conform to 
all applicable requirements specified in previous sections of this standard. 
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3.6.2 Requirements for Existing Facilities 
The following paragraphs establish the minimurm acceptable conditions for bonds 
and ground connections in existing facilities. 
3.6.2. 1 Ground Rods. All groumd rods at LC-34 and LC-37 shall meet the applic­
able rod-to-earth resistance requirements specified in Paragraph 3.5.3.4. 2, 
except that the requirements shall apply to the entire counterpoise, not to individual 
ground rods. Ground rods for other existing facilities shall conform to the original 
installation requirements. (The facility construction drawings and specification
should be consulted to determine these requirements. ) 
3. 6. 2. 2 Grounding Conductor Connections. Usually grounding conductor connec­
tions to existing equipment are made by bolting compression-type lugs to the equip­
ment. In all cases where welding or brazing is employed to make such connection, 
the total contact resistance shall not exceed 0. 5 milliohm. Where grounding con­
ductors (jumpers) are connected to the facility ground network, -the contact resistance 
at the connection shall not exceed 0.. 5 milliolhm. 
3. 6. 3 Total Grounding Resistance 
The total grounding resistance for any equipment or structure shall not exceed 
200 percent of the applicable limits specified in Paragraph 3. 5.3. 12. 
Q 1Z 	 Al~~n~rA 	 n+c 
Vhere existing grounding provisions do not meet the applicable requirements of 
Paragraphs 3. 6. 2 and 3. 6.3, the bonds and ground connections shall be reworked 
as specified in Paragraph 3. 6. 1. 
3.7 TESTING AND INSPECTION REQUIREMENTS 
Testing and inspection requirements for new installations and for maintenance of 
existing facilities and equipment are specified in Paragraphs 3.7.1 and 3.7. 2. 
3. 7. 1 New Installations 
Test and inspection requirements for new installations to verify conformance with 
design specifications shall be established by the design agency preparing the bond­
ing and grounding specification. However, test and inspection provisions shall be 
adequate to ensure conformance with the requirements of this standard and shall 
include, as a minimum, the following test requirements: 
a. 	 After installation of power distribution system circuitry and prior to 
making the power ground connection, tests shall be performed to ensure 
isolation of the power system neutral from ground iij all facilities which 
contain any Zone 1, 2, or 3 areas. 
b. 	 After installation, .tests shall be performed on all power receptacles 
to ensure that the ground terminals therein are properly grounded. 
3-43 
WDL-TR4201 
Volume I 
c. All newly installed ground rods shall be individually tested as 
specified in Paragraph 3. 5.3.4. 2. 2 to ensure conformance with the 
applicable rod-to-earth resistance requirements specified in Para­
graph 3.5.3.4.2. 1. 
d. Prior to installation of the single-point ground connection to 
instrumentation ground networks, tests shall be performed to 
ensure isolation of the instrumentation ground network from the 
facility ground network. 
3.7. 2 Maintenance Requirements-
Periodic preventive maintenance is required on bonding and grounding to retain its 
effectiveness. Preventive maintenance instructions for bonding and grounding 
systems are included in Volume III of this report. 
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SECTION 4 
QUALITY ASSURANCE PROVISIONS 
4.1 NEW INSTALLATIONS 
Designers preparing design specifications for bonding and grounding in new installa­
tions shall ensure that the requirements of the specifications conform to all applic­
able requirements of this standard. Specifications shall contain adequate test and 
inspection requirements to ensure that material, processes, and workmanship 
conform to the requirements specified herein. 
4.2 EXISTING INSTALLATIONS 
Cognizant operating and maintenance',organizations are responsible for implement­
ing adequate testing andinspection programs to ensure that the facilities and equip­
ment under their responsibility conform to the applicable rpquirements of this 
standard. 
4-1
 
WDL-TR4201 
Volume I 
SECTION 5 
PREPARATION FOR DELIVERY 
There are no applicable reouirements. 
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SECTION 6 
NOTES 
6. 1 INTENDED USE 
This standard is intended for use by design organizations specifying bonding and 
grounding requirements for new installations, and by operating organizations having 
maintenance responsibility for new and existing installations. 
6.2 REQUESTS FOR DEVIATIONS 
Requests for deviations from this standard should contain support information on 
items for which the deviation is required, and an alternate method. Requests for 
deviations should be addressed to: Electrical/Electronic Division, Electrical 
Branch, DE-ESD-1, John F. Kennedy Space Center, Kennedy Space Center, 
Florida 32899. 
NOTICE 
When 1KSCUdawNgsspcifaiu~,"o ue aaae used-for anqy 
purpose other than in connection with a definitely related KSC procure­
ment operation, the United States Government thereby incurs no responsibility 
nor any obligation whatsoever; and the fact that KSC may have formulated, 
furnished, or in any way supplied the said drawings, specifications, or other 
data is not to be regarded by implication or otherwise as in any manner 
licensing the holder or any other person or corporation, or conveying 
any rights or permission to manufacture, use, or sell any patented 
invention that may in any way be related thereto. 
Custodian: 
NASA - John F. Kennedy Space Center
 
Kennedy Space Center, Florida 32899
 
Preparing Activity:
 
John F. Kennedy Space Center
 
Electrical/Electronic Systems Division
 
Design Engineering Directorate
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NOTICE 
This report was prepared as an account of Government-sponsored work. Neither 
the United States, nor the National Aeronautics and Space Administration (NASA), 
nor any person acting on behalf of NASA: 
A.) 	 Makes any warranty or representation, expressed or 
implied, with resliect.to-the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, apparatms, 
method, or process disclosed in this report may not 
infringe privately-owned rights; or 
B.) 	 Assumes any liabilities with respect to the use of, or 
for damages resulting from the use of, any information, 
apparatus, method or process disclosed in this report. 
As used above, "person acting on behalf of NASA" includes any employee or con­
tractor of NASA, or employee of such contractor, to the extent.that such employee 
or contractor of NASA or employee of such contractor prepares, disseminates, or 
provides access to any information pursuant to his employment or contract with 
NASA, or his employment with such contractor. 
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PREFACE
 
This report describes the studies, analyses, and measurements performed under Contract 
NAS1O-6879 for,the development of bonding and grounding criteria for the John F. Kennedy 
Space Center, Florida. 
The report is organized into three volumes, the contents of which are shown in the following 
table. This table includes the title of each task, the Contract Implementation Plan (CIP) 
Task Number, the Proposal Task Number, and a short synopsis of each reported task. 
VOLUME I - BONDING AND GROUNDING CRITERIA 
Section CIP Task Title Proposal Task Synopsis 
1 Introduction (11 Modify & Update Exist- This volume includes the 
2 Reference Documents ing Standards criteria and standards 
3 F Requirements 12 Update Criteria which are the subject of 
4 
5 
H Quality Assurance 
Preparation for 
14 Prepare Final Report 
Draft 
the contract, using exist­
ing standards as a point 
Delivery of departure. 
6 Notes 
Appendix Rationale for Bond-
A ing and Grounding 
Criteria 
VOLUME 1I - EVOLUTION OF BONDING AND GROUNDING CRITERIA AND ON-SITE EVALUATION OF 
BONDING AND GROUNDING 
Section CIP Task Title Proposal Task Synopsis 
1 Introduction lA Review of KSC Bibli- Current literature was 
R ography reviewed to determine 
2 A Review Bonding and 1D Review of Standards methods of bonding and 
Grounding Standards other than KSC grounding employed at 
2 Reconcile KSG & Other KSC and elsewhere. 
Standards
 
3 B Evaluate On-site (in Study of KSC Environ- The bonding and ground-
Bonding and Ground- ment ing for LC-34, LC-37, 
ing IC Define Problem Areas and LC-39 were investi­
3 Prepare on-site evalu- gated for current condi­
ation procedures - tion and implementation. 
4 Perform on-site evalu- Ground resistance and 
ation resistivity measure­
ments were made at 
selected points. Noise 
measurements in the 
time and frequency 
domains were made 
during dynamic tests on 
Apollo 13. 
4 C Define Hazard 1C1 Define Lightning 
Environment Hazard 
1C2 Define Explosion 
Hazard
 
IC3 Define EMI Problems 
& Hazards
 
IC4 Define Shock Hazards 
5 Define Total Hazard 
Environment 
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VOLUME H - EVOLUTION OF BONDING AND GROUNDING CRITERIA AND ON-SITE EVALUATION OF 
BONDING AND GROUNDING (Continued) 
Section CIP Task Title Proposal Task Synopsis 
5 D Define Areas Requir-
ing Correction 
6 
7 
8 
Identify on-site devia-
tions & hazards 
Define anomalies 
Refine hazard environ-
ment 
This section reflects 
areas requiring correc­
tion in the relevant KSC 
specifications and stand 
ards as well as on-site 
anomalies found during 
the evaluation. 
6 E Present Midterm 
Report 
9 
10 
Midterm Report 
Consolidate comments 
This report was presen­
ted at KSC on 20 March 
from Midterm into 
Baseline 
1970. Thirty copies of 
the presentation material 
were transmitted to KSC 
on 6 April 1970, Cite No. 
214-NCC-70-0649. None 
of this material is con­
tained herein, as such. 
7 F Review and Update 
Criteria and 
Standards 
11 
12 
Modify and Update 
Existing Standards 
Modify Criteria 
Specific paragraph 
changes required in KSC­
STD-EO012 are defined. 
8 All Summary and Con-
cluslons 
All A summary of the work 
performed on this pro­
gram is presented. 
Emphasis is given to the 
findings of the on-site 
effort. 
9 All Recommendations All Recommendations for 
corrective action requir­
ed to correct the anoma­
lies found during the study 
effort are contained in 
this section. 
Appendix 
A 
Preliminary Model 
of Grounding System 
This preliminary model 
is a mathematical model 
developed with emphasis 
on performance at high 
frequencies. 
Appendix 
B 
Program for Ground 
Cable Performance 
Calculation 
-
This appendix includes a 
program written in 
Fortran IV for the calcu­
lation of ground cable in 
conduit. Sample runs 
are given for standard 
power cable and welding 
cable. 
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VOLUME H1 - EVOLUTION OF BONDING AND GROUNDING CRITERIA AND ON-SITE EVALUATION OF 
BONDING AND GROUNDING (Continued) 
Section CIP Task Title Proposal Task 	 Synopsis 
Appendix Electromagnetic A number of guidelines 
C Compatibility including equations and 
Guidelines 	 nomographs for EMC 
design are included in 
this appendix for refer­
ence. 
VOLUME II - BONDING AND GROUNDING PREVENTIVE MAINTENANCE INSTRUCTIONS 
Section CEP Task Title Proposal Task 	 Synopsis 
1 G 	 Introduction 13 Prepare bonding and This volume contains a 
Objectives grounding PM11's set of routines for pre-
Recommendations 	 ventive maintenance on 
bonding and grounding 
details to offset what 
appears to be the most 
serious problem at KSC 
in the area of bonding 
and grounding. 
During the work on this project, Philco-Ford Western Development Laboratories has drawn 
upon its experience in the area of bonding, urounding. and EMI in the Air Force Satellite 
Control Facility and other classified ground stations as well as its experience with AGE in 
the checkout of space vehicles. This experience was invaluable in rapidly identifying specific 
problem areas at the John F. Kennedy Space Center. 
iii/iv 
A/C 
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ABBREVIATIONS
 
Wherever used in this document, the following abbreviations are defined as follows: 
ACE 
AF 
AFSCF 
AFSTC 
AGCS 
ASG 
AWG 
CDDT 
CIF 
CKAFS 
CURFCOE 
CW 
ECS 
EED 
EGP 
EMC 
EI 
FRT 
GSE 
IR 
IU 
KSC 
LC-34 
LC-37 
LCC 
LEM 
LH2 
LOX 
LUT 
Air Conditioning 
Acceptance Checkout Equipment 
Audio Frequency 
Air Force Satellite Control Facility 
Air Force Satellite Test Center (Sunnyvale, California) 
Automatic Ground Control Station 
Aerospace Ground
 
American Wire Gauge 
Countdown Demonstration Test 
Central Instrumentation Facility 
Cape Kennedy Air Force Station 
Spacecraft Communication and Television Control and 
Distribution Center in the Manned Spacecraft Operations 
Building 
-Continuous Wave 
Environmental Control System
 
Electroexplosive Device
 
Earth Ground Point
 
Electromagnetic Compatibility
 
Electromagnetic Interference
 
Firing Readiness Test 
Ground Support Equipment 
Current leference
 
Instrument Unit
 
Kennedy Space Center 
Launch Complex 34
 
Launch Complex 37
 
Launch Control Center
 
Lunar Excursion Module
 
Liquid Hydrogen
 
Liquid Oxygen
 
Launcher/Umbilical Tower
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MCM Thousand Circular Mils 
ML Mobile Launcher 
MMH Monomethylhydrazine 
MSOB Manned Spacecraft Operations Building 
MSS Mobile Service Structure 
NASA National Aeronautical and Space Agency 
NEC National Electric Code 
N2OH Nitrous Tetroxide 
CIS Operational Intercommunication System 
PMI Preventive Maintenance Instruction 
PTCR Pad Terminal Connection Room 
RF Radio Frequency 
RFI 
RP-i 
Radio Frequency Interference 
Rocket Propellant 
SA5 Saturn/Apollo V 
S/C Spacecraft 
SCR Silicon Controlled Rectifier 
SHF 
S-I-C 
Super-high Frequency 
Saturn/Apollo V First Stage 
S-il Saturn/Apollo V Second Stage 
S-IV-B Saturn/Apollo V Third Stage 
TD's Technical Distributors 
TWT Traveling Wave Tube 
USB Universal S-Band 
VAB Vehicle Assembly Building 
VR Voltage Reference 
vi 
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